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Summary 
The replacement of diesel fuel by ultra-carbofluids was perceived to offer the potential to 
decrease the emissions of environmental pollutants such as carbon dioxide, carbon 
monoxide, hydrocarbons (HC's) and smoke. Such ultracarbofluids consist of a suspension 
of coal in fuel oil and water generally in the ratio of 5: 3: 2 plus a small amount of 
stabilising additive. 
The literature relating to the economics of coal and fuel oil production, and the production 
and properties of charcoal and vegetable oils have been critically reviewed. The potential 
use of charcoal and vegetable oils as replacements for coal and fuel oil are discussed. 
An experimental investigation was undertaken using novel bio-ultracarbofluid 
formulations. These differed from an ultracarbofluid by having bio-renewable charcoal and 
vegetable oil in place of coal and fuel oil. Tests were made with a Lister-Petter 600cc 2- 
cylinder, 4-stroke diesel engine fitted with a Heenan-Froude DPX I water brake 
dynamometer to measure brake power output, and Mexa-32 1E and Mexa-21 1E analysers to 
measure exhaust pollutants. Measurements were made of engine brake power output, 
carbon dioxide, carbon monoxide, hydrocarbons and smoke emissions over the speed 
range 1000 to 3000 rpm at 200 rpm intervals. The results were compared with those 
obtained with a standard diesel reference fuel. 
All the bio-ultracarbofluid formulations produced lower brake power outputs (i. e. 5.6% to 
20.7%-Iess brake power) but substantially improved exhaust emissions of C02, CO, HC's 
and smoke. The major factor in the formulation was found to be the type and amount of 
charcoal; charcoal with a high volatile content (27.2%) and present at 30% by mass yielded 
the best results, i. e. only slightly lower brake power output and significantly lower exhaust 
pollutants. 
Bio-ultracarbofluids are concluded to show great potential for use as a diesel fuel 
replacement, since harmftil exhaust emissions are significantly lower than those from 
standard diesel fuel. The results provide an initial basis for the specification of a bio- 
ultracarbofluid to give optimum performance. Areas for further useful research, and 
possible engine modifications, are identified. However, long term tests are required in 
order to measure the effects of bio-ultracarbofluids on engine components. Current 
economics are unfavourable but depend upon both crude oil price fluctuations and political 
considerations e. g. EU economic and environmental policies. 
Keywords: Bio-ultracarbofluids, diesel fuel replacement. 
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CHAPTER I 
INTRODUCTION 
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Chapter I 
'In the short term, energy conservation must be the cornerstone of our 
policy; the potential for savings is immense... it is now cerrain that if 
we do not change our ways while there is still time our society will risk 
dislocation and eventual collapse. ' 
Roy Jenkins as President of the E. E. C. 
VI EEC Energy Conference, Brussels 7th July 1979. 
1.0 INTRODUCTION 
1.1 Energy Resources 
During the 1970's it became clear that the world's non-renewable energy resources were 
decreasing rapidly and might be exhausted within the foreseeable future. In response to this 
disturbing prospect, added to concern over the emission of harmful gases from vehicle 
exhausts and power stations (particularly the greenhouse gases e. g. C02, and acid rain 
gases NOx and S02) into the environment, the technologically-advanced countries began to 
focus attention on renewable energy resources. As a result there have been significant 
advances in the technology, if not in its application, in such areas as solar heating and 
cooling, photovoltaics, wind power, biomass and ocean wave energy. 
The impetus for the replacement of petroleum-derived diesel fuels, whether wholly or 
partially, arises from the need to conserve a non-renewable energy resource and because of 
the significant pollutants generated by their combustion. However the use of bio-mass 
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derived fuels, namely bio-ultracarbofluids, may also offer strategic and economic 
advantages. 
The majority of the world's energy resources occur in nature as solids eg. coal and various 
biomass and waste materials. Bio-fuels such as wood, charcoal and agricultural residues 
are a major source of energy in many of the developing countries providing as much as 
14% of the current world energy requirements. This is equivalent to some 25 million 
barrels of oil per day, and equal to OPEC's current productiont. World-wide there is 
substantial arable land potentially available for growing energy crops. However, most 
modem transportation is based upon the use of liquid fuels. This dependence on liquid 
fuels has arisen partly from the ample availability of petroleum which, because it is a 
mixture of hydrocarbon liquids, can easily be recovered from nature, transported and 
converted to a variety of liquid fuels. However, liquid and gaseous fuels do have the added 
advantages of easy distribution within an engine and freedom from routine ash generation. 
Every year the world population consumes an amount of energy equivalent to that 
generated from 80 billion tonnes of oil. In practice only two-fifths of this energy is 
obtained by burning oil itself, the balance comes mainly from coal, natural gas and nuclear 
energy. Indeed, closer examination shows that over 90% of our energy comes from fossil 
deposits, the reserves of which are finite and will eventually be depleted. 
The world population depends upon energy for heating, generating electricity and for 
transport. Latest estimates suggest that there are 400 million passenger cars registered 
around the world and this number has doubled in the last 20 years. In North America there 
are 50 cars per 100 people, in Europe 40 cars per 100 people and in Japan 30 cars per 100 
people. The world-wide average is 10 cars per 100 people. In countries like India and 
China there are less than 1 carper 100 people. Cars, especially, need a liquid fuel that can 
power their engines; most run on petrol but an increasing number are fuelled by diesel. T'he 
question therefore arises as to whether a significant proportion of these could be fuelled 
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from renewable sources. Obviously, it would also be beneficial to the environment if the 
exhaust gases produced had a lower potential to cause pollution, a complex function of 
mass and composition, than those from existing fuels. [The overall environmental impact 
clearly however has to be assessed by including the resource generation process, the 
conversion processes and the energy utilisation process-including any liquid or solid 
wastes to be disposed of]. 
So far the discovery of fossil fuel reserves has more than kept pace with the demand. 
Known resources now exceed one trillion (1012) tonnes in total compared with just over 
half this amount 20 years ago. Natural gas and oil consist mainly of hydrocarbons, which 
make excellent fuels. Ibe main components of natural gas are methane (CH4) the simplest 
hydrocarbon, and small quantities of ethane (C2H6). Propane (C3H8) and butane (C4H 10) 
gases which can be produced from oil are also widely used in the form of liquid petroleum 
gases. With increasing molecular weight the hydrocarbons become less volatile albeit easier 
to handle safely. Petrol contains carbon chain lengths of C7's and C8's, whilst diesel 
contains C9_11's, and paraffin (i. e. kerosine) contains carbon chain lengths of C12-16 - 
These heavier fractions make excellent liquid fuels for cars, lorries and aircraft respectively. 
Clearly, therefore alternatives will need to be identified before reserves of these fossil fuels 
run out. 
1.1.1 World Energy Demand 
From 1982 to 1992 the world energy demand grew by 25% from approximately 6,000 
mtoe (million tonnes of oil equivalent) to 8,000 mtoe. The demand in the US and 
Organisation of Economic Co-operation and Development (OECD) countries rose steadily 
during this period. In Asia, with rapid growth in population and industrial production, the 
rise in energy demand has been at three to four times the rate in the developed countries in 
the West. In Eastern Europe and Russia the energy demand has at present stabilised as a 
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result of political and economic changes and uncertainties. The pattern of world primary 
energy consumption as at 1991 is illustrated in Figure 1.1. The energy utilisation from 
various sources is shown in Figure 1.2. 
Former Soviet Union 
Latin 
Middle-E 
No 
Arr 
Asia 
Africa 3% 
Non-OECD Europe 4% 
OECD Pacific 7% 
Asia 17% 
North America 27% 
Middle East 3% 
Latin America 5% 
Former Soviet Union 16% 
OECD Europe 18% 
E3 Africa 
E] Non-OECD Europe 
El OECD Pacific 
Asia 
North America 
ope N Middle East 
E3 Latin Ameiica 
ECD 
Figure 1.1 The World PrimaU Energy Consumption (as a percentage) 
Q Former Soviet Union 
E3 OECD Europe 
30 
1.2 Crude Oil 
Crude oil is found around the world usually in sedimentary basins. The postulated 
mechanism of formation is that when marine organisms (which died out millions of years 
ago) degraded, the fatty acids, first by bacteriological reduction then by continuous and 
prolonged geothermal heating, formed proto-petroleum. This proto-petroleum was then 
transformed into crude oil and natural gas. 
Figure 1.2, demonstrates that crude oil is currently the predominant energy source. The 
easy availability, production, and transport of oil-based products has made it dominant in 
the transport sector. 
23% Coal 
25D/o 
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Nuclear 
60/o Renewables 
[] Oil 
Ej Gas 
Coal 
Nuclear 
40% Oil N Renewable 
Figure 1.2 Current World Energy Sources Utilised (as a percentage) 
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1.2.1 Proven Reserves of Crude Oil 
Proven reserves of crude oil stand at 1000 billion barrels; at the current rate of usage these 
will last another 40 years2. Most of these proven reserves are in the Middle East with 62%; 
other OPEC members' reserves are 13% and the Organisation of Economic Co-operation 
and Development (OECD) 6%. The remaining reserves are in countries such as Russia and 
Khazakstan. Actually, however the 'availability' improves with advances in technology 
e. g. in the North Sea accurate drilling even horizontally, means that more reserves can be 
tapped. The viability of such technology is however determined by prevailing energy 
prices. 
1.2.2 Average Price for Brent Crude 
Brent crude oil is produced from the North Sea and is of generally higher quality than crude 
oil from the Mddle East due to its very low sulphur content. The average price for Brent 
crude in 1995 was $17 a barrel. This was the lowest price since 1973. Ile use of oil for 
generating electricity commercially is very attractive at this price. The long-term outlook i. e. 
over 20 to 30 years, is of oil prices remaining low and many coal-fired power stations may 
switch over to oil or gas, both in the UK and elsewhere. 
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1.2.3 The Strategic Importance of Oil 
Current world reserves of oil are shown in Figure 1.3. The vital importance of a constant 
oil supply was broughy home to the developed world as early as 1956 via the Suez crisis. 
Although the United States was the biggest oil producer at that time, it still needed to import 
oil from the Middle East to sustain its vast demand. In the 1960's the U. S. A introduced 
oil-import controls, limiting the import of foreign oil to 12%; the remaining 88% has to be 
obtained from domestic sources. At about this time, the oil-exporting countries began to 
realise that their oil reserves were being depleted and perceived that they were being 
exploited. 'Mese countries therefore formed the Organisation of Petroleum Exporting 
Countries (OPEC) in 1960 to improve their bargaining power and control the level of oil 
production. 
In 1967 the Six Days War between Israel and Egypt again resulted in a world shortage of 
oil. OPEC successfully raised the price of oil and also demonstrated its potential power 
overprice fudng. In 1973, during the Yom Kippur War, OPEC again demonstrated this 
power by using oil as a political weapon. The OPEC Chairman, Sheikh Yamani, 
pressurised the world powers to force Israel to withdraw from the territories it had 
occupied. OPEC reduced its output and deliveries and stopped supplying nations such as 
Holland and U. S. A. As a result the price of oil increased fourfold by the following year. 
The United States and many other countries had to introduce temporary emergency 
measures, such as speed limits on motorways (still in force in the United States), limiting 
petrol. station opening-times and bans on Sunday driving. 
The second oil crisis in 1979, followed the Iranian revolution because the new regime cut 
exports by one half. Again the oil prices rose from an official OPEC ceiling of $23.50 in 
June 1979 to $32 by January 19 8 1. Although countries such as Japan and Israel had taken 
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seriously the 1973 oil crisis and implemented conservation measures, some like the United 
States still had a consumption of energy per capita twice that in Europe. 
After 1979, most countries began to formulate energy policies and to reduce their 
dependence on oil. Conservation of energy was seen as a necessary and potentially 
inexpensive way of stretching the fossil fuel reserves. 
The Iraqi Invasion of Kuwait in 1989 again highlighted the inherent instability in the 
Middle East region. However, the steps taken after the 1973 and 1979 crises ensured that 
this political crisis had a minimal effect on oil supply and price. The wider base of fossil 
fuels (e. g. greater use of natural gas instead of oil), and the greater storage capacity 
introduced by the major oil companies, also ensured more stability and confidence in the 
ability to withstand the effects of any political crisis. 
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1.3 Coal 
Although it has decreased from being the world's most widely-used fuel to second place, 
coal meets about 25 % of the world's energy needs. It still remains the most abundant fuel. 
At the current rate of consumption it will last well over 200 years. 
1.3.1 The Decline in Coal Consumption 
Coal is now mostly burnt to generate electricity. Coal usage in the former heavy industries 
such as steel making has declined. The reason for this decline are the higher cost of coal in 
relation to gas and oil and also the large amount of pollutants, particularly S02 generated 
on its combustion. 
1.4 Natural Gas 
Natural gas is derived from naturally occurring reservoirs beneath the earth's surface. The 
composition of natural gas varies with source. Typical North Sea natural gas composition 
is given in Table 1.13. Natural gas has only recently been developed as an important source 
of primary energy. In 1965 natural gas supplied only 2% of total primary energy; by 1993, 
this had risen to 23%. 
Component 0 I 
methane 83 
ethane 16 
propane <1:: 
i 
Table 1.1 Typical Compgsition of North Sea Natural Gas 
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1.4.1 Increase in Use of Natural Gas 
The increase in the use of natural gas can be attributed to many factors. The four major 
factors are; 
(i) The proven natural gas reserves estimates exceed 120 trillion cubic metres4. 
(ii) The extremely favourable costs of gas as compared to oil and coal. For example in the 
UK as of 1995 it was cheaper by 15 % to produce electricity using natural gas, and 11 
cheaper using oil, than using coal5. 
(iii) Improvement in the technology for the transport of gas via pipelines. About 75 % of the 
world! s natural gas is distributed via pipelines. Thus, Canada exports half of its gas 
production to the US via pipeline. Russia exports gas to Western Europe via the Trans- 
Siberian pipeline. Alternatively, gas is transported as liquefied natural gas (LNG). Natural 
gas is liquefied by cooling to -82.50C and compressing to over 45 atmospheres. 
(iv) To diversify their energy sources Japan, Korea and Taiwan now import large quantities 
of LNG in speciaRy-constructed super tankers. These have capacities of upto 125,000 m3 
of LNG6. 
1.5 Renewable Energy 
Over the years, research has been carried out into new and renewable energy resources. 
Renewable energy is that which occurs naturally and repeatedly in the environment and 
which can be harnessed for human benefit. The ultimate sources are the sun, the earth's 
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rotation and internal temperature and gravity. The main carriers of energy are the wind, 
oceans, and crops, the fall of water from lakes and rivers, and both animal and human 
waste. Renewables contribute to energy needs in a sustainable way, and also have the 
potential to reduce the emissions of pollutant gases. Research has been carried out on 
biofuels, solar energy, wind, hydro and fuel cells. 
1.6 Sustainable Developments 
The UK Sustainable Development Strategy, which met a commitment entered into after the 
United Nations Conference on the Environment held in Rio de Janeiro in 1992, emphasised 
that the use of energy is a key issue for sustainable development. Today's energy use is 
based mainly on the combustion of non-renewable fuels. 
The concept of sustainable development does not imply that all non-renewable resources 
must be preserved for all time, but rather that suitable replacements must be found. Despite 
the economic growth of the last few decades and the greater use of energy it has involved, 
the world's stocks of all primary fuels, measured in terms of proven reserves, are now 
larger than ever before, and there are more to be discovered. There is no reason to believe 
that the availability of resources will itself impose constraints on the process of economic 
development in the foreseeable future. 
However the environmental and security issues related to energy production and use have 
to be resolved7. These include climate change, regional air quality issues, concerns relating 
to the extraction, conversion, and transmission of fuels, and transport-related impacts. One 
means of ensuring that energy use is kept on a sustainable path is to supply energy in ways 
which have less environmental impact. Another means is to encourage consumers to meet 
their needs with less energy inputs, through increased energy efficiency. A third way is to 
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ensure that prices charged for the different kinds of energy reflect the full cost of the 
resources consumed, including the environmental and social costs of their extraction, 
generation or refinement, distribution, and use. 
Environmental issues feature prominently on today's international energy agenda, and 
provide the basis for action at international level. The UK has already reported on its 
progress towards Sustainable Development and its programme on Climate C7hange8. There 
are initiatives which are directed in the European Union and the United Nations Economic 
Commission for Europe (UNECE) towards reducing acid emissions from industrial plant 
and transport. Other initiatives are directed towards controlling emissions of volatile 
organic compounds (VOCs), which can damage plant and animal life by contributing to the 
formation of extra ozone at ground level. There are also plans to assist the countries of 
Central and Eastern Europe and the Former Soviet Union (FSU) to reduce the perceived 
risks associated with Soviet-designed nuclear reactors. The UK also funds a large number 
of projects in the developing countries to improve the efficiency with which energy is 
supplied, distributed, and used. 
1.7 Energy and the Environment 
Industrial pollution underwent a step-change with the industrial revolution. One of the first 
laws passed to limit industrial pollution was the 1906 UK Alkali Works Regulation Act. 
Another major UK law was the Clean Air Act of 1956. 
'Me problem of pollution of the environment by motor vehicles, first began to taken 
seriously in the 1970's9. In California 'smog', mostly attributable to the huge increase in 
automobile traffic, became a constant irritant. As well as the inconvenience, the 
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environmental damage began to be assessed and solutions were sought by both politicians 
and scientists. 
Improvements were sought by measures including the introduction of more efficient 
automobile engines, fitting of catalyst converters as standard on all cars to reduce harmful 
exhaust gases, and an increase in fuel prices. Other schemes are also being tested. In 
California and some other states, these include encouraging the public to share a ride to 
work; company buses picking-up and dropping-off people to and from work; and 
educating companies eg. haulage contractors, and the general public about the need to 
protect the environment. Recent radical plans in California include calling upon all car 
manufacturers (petrol and diesel) to build zero emission vehicles (ZEV's). ZEV sales are 
required to be 5% of the car manufacturers' sales by the year 2000, and 10% of sales by 
the year 20 10. [In January 1996 this requirement was suspended for 10 years because the 
three big car manufacturers in the United State; Ford, Chrysler and General Motors, 
convinced California State government that the availability of ZEVs was not feasible in the 
above timetable. This is a characteristic example of the conflicts which arise between 
desirable pollution control measures and the perceived needs of industry. ] 
The activities of the energy industries have the potential to affect the environment in a 
variety of ways e. g. through particulate or toxic gas emissions, and synergistic processes 
which under the influence of UN. radiation produce 'smog. 'nerefore, in practice, 
regulations and other environmental policies serve to limit the damage. But the major 
potential causes of concern relating to energy generation are emissions of greenhouse 
gases, acid gases and other pollutants listed below. 
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1.7.1 Greenhouse Gaseous Emissions 
Carbon dioxide 0 emissions contributed most of the direct increase in the greenhouse effect 
in 1990. Fossil fuel burning probably accounts for almost all of this. The second most 
significant greenhouse effect contributor is methane. Oil-gas production, distribution and 
use account for about a quarter of current C02 emissions. 
1.7.2 Acid Emissions 
Man-made sulphur dioxide (S02) and oxides of nitrogen (NOx) emissions add to the 
natural acidity of min. Virtually all UK S02 emissions are energy-related and currently 
about 70% are estimated to come from power stations. Road and other transport contributes 
about half of NOX emissions in the UK, and other fossil fuel burning the remainder, with 
power stations contributing 25%. 
1.7.3 Ambient Air Quality 
Local air quality is affected by emissions Of S02, NOx, VOC, s (volatile organic 
compounds), and particulate matter. Nearly 40% of estimated VOC's emissions are from 
industrial use, and about 13% from the extraction and distribution of fossil fuels. 
1.7.4 Water Pollution 
Power plants, industrial cooling systems, abandoned mines, and onshore oil wells all have 
the potential to contribute to water pollution. Water run-off and leachates pose the biggest 
problems. 
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1.7.5 Maritime Pollution 
Accidental oil seepages and spills may foul beaches and kill seabirds and other marine life. 
The relatively slow rate of biodegradation of heavy residues, left behind after evapoartion, 
is one factor in this. 
1.7.6 Land Use 
The processes of electricity generation and distribution may call for the use of scarce or 
sensitive land and countryside. The impacts are associated with both old and new forms of 
generation. Coal mining can also have adverse effects on the land, due in particular to the 
familiar spoil heaps created. 
1.7.7 Solid Waste Disposal 
The use of scrubber systems to clean sulphur emissions from coal fired power stations 
creates a potentially large source of solid waste in the form of gypsum. In practice, much of 
the gypsum is used to make wallboards and other plaster products. Similarly, much of the 
furnace bottom ash from coal-powered stations is used in building materials. Other solid 
residues are land-filled wherever possible as part of reclamation schemes. Some colliery 
spoil can be disposed of in a similar manner. 
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1.8 Advantages and Disadvantages of Nuclear Fuel 
Although virtually free from greenhouse and acid gases, nuclear energy inevitably produces 
radioactive wastes. Disposal of these, and decommissioning of redundant facilities, 
requires careful supervision. Nuclear and hydro power can both be considered as 
renewable fuels. The majority of the remaining electricity generating fuels are non- 
renewable fossil fuels, which at the current rate of consumption are rapidly being depleted. 
Nuclear fuel has a clear advantage over other energy producing fuels in that it produces no 
pollutants such as; carbon dioxide, sulphur dioxide, NOx, hydrocarbons or soot etc. 
Hence, it is more 'environmentally-friendly' than fossil fuels. Total consumption of nuclear 
energy was equivalent 532 mtoe of oil in 199210 and this use extends the life of fossil fuel 
reserves. However, accidents such as those at Brown! s Ferry (1978), Three Mile Island 
(1979)11 and Chernobyl have exacerbated concerns over the safety of nuclear power 
stations and thus raised doubts over their long term future. The generation of nuclear 
electricity, was promoted as a cheap alternative source. In the event, electricity generated 
from nuclear power is actually more expensive than that from coal, gas or oil, when all the 
real costs such as construction, operation, disposing of toxic waste and decommissioning 
the plants are considered. Zales1d12 states that nuclear generated power will decrease from 
the peak of 3500 GW in the 1970's to about 700 GW world-wide by the year 2000. 
In summary it appears that at sometime in the future, energy generation will require a 
significant contribution from other sources. Basic engine fuel will continue to be liquid. 
Therefore it is pertinent to review some aspects of the sources of energy crops and the 
economics associated with their growth, recovery, processing and utilisation and also how 
their development is influenced by economics e. g. government subsidies. 
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CHAPTER 2 
LITERATURE REVIEW OF 
ALTERNATIVE FUELS 
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Chapter 2 
'One of Nature's Laws, publicised by Parkinson, is that demand 
always rises to meet supply. Unfortunately he failed to state what 
happens when supplyfails to meet demand. I 
HRH The Duke of Edinburgh 
World Energy Conservation Month, Oct. 1979. 
2.0 Literature Review of Alternative Fuels 
Although the considerations and conflicts vary with the fuel type and method/scale of 
utilisation, it is worthwhile to briefly review current energy considerations-environmental 
protection issues, since these impact upon the future viability of both alternative fuels and 
diesel engines. 
It is now recognised that the fossil ftiel resources of the world are depleting. Hence, 
conserving petroleum-use by developing alternative fuels and new energy resources is of 
prime importance. 
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2.1 Possible Alternative Fuels 
Over the years many researchers have sought to develop an altemative to petroleum fuels 
for automobiles. Four promising potential alternatives viz alcohols, hydrogen, battery- 
powered cars and vegetable oils, are reviewed below. 
2.1.1 Alcohol Fuels 
Alcohol fuels have been researched very extensively in many countries. The alcohol fuels, 
methanol and ethanol, are of special interest in countries like Brazil and other Third World 
countries, such as Zimbabwe where economic benefits are of more importance than 
political or environmental pressures. Already in Brazil research into alcohol ftiels has paid 
dividends and many cars are running on 100% neat alcohol (ethanol), reducing the need for 
oil imports and helping the country's trade balance. 
As early as 1945, Brooks and others13 demonstrated the feasibility of alcohol as a petrol 
engine fuel. More recently Menrad14 in the United States and many other researchers are 
continuing work into the viability of alcohol as fuel. 
Alcohol fuels, both methanol and ethanol, offer both short-term and long-term potential 
contributions to the automobile fuel supply. In the short term they offer both the potential 
for fuel extension (e. g. gasohols which are 80% petrol and 20% alcohols) to expand the 
motor fuel supply and to assist octane enhancement for better performance of petrol 
engines. The octane enhancement capability is particularly crucial for the manufacture of 
low octane base fuel. This is important for refining and production of unleaded fuel. In the 
longer term alcohol fuels in neat form (100%) offer the opportunity to displace petroleum 
products in the fuel market. 
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In the testing of alcohol fuels in internal combustion (I. C. ) engines, particular attention has 
been given to their performance and degree of compatibility with the fuel system' 5,16 Much 
work has involved improving alcohol blend quality (i. e. minimising water separation), 
improving alcohol engine cold-start properties, decreasing vapour lock, overcoming 
corrosion and improving driving performance. Among the major benefits of alcohol 
engines is the superior Idlometres/kJ performance of alcohol fuels and reduced emissions in 
contrast with conventional fuels. 
Of the alcohol fuels, ethanol and methanol air, the principal renewable contenders. 
However, the major disadvantages of using alcohol as a fuel are currently the higher cost, 5 
to 10 per cent above that of petrol and the limited production capacity; e. g. in the UK only 
one tenth of the 115 billion gallons of alcohol fuel which would be required per year to 
meet demand can be currently produced (1982)17. 
2.1.1.1. Ethanol 
In Brazil some petrol-engined cars were converted to run on ethanol produced from sugar 
cane. In the United States ethanol used to fuel vehicles is usually manufactured from 
surplus grain. 
The hope in Brazil was that ethanol would ease their growing need to import oil. In the late 
1970's crude oil doubled in price to $40 a barrel (159 litres), equivalent to about $65 at 
today's prices. Weight for weight ethanol does not release as much energy as petrol or 
diesel, but in terms of volume, the fuels almost match. Ethanol releases about 2300 U/ litre 
compared to 2500 U/ litre for petrol. In 1990, Brazil grew 25 million tonnes of sugar cane 
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a year on 4 million hectares (8 per cent of their cultivated land) and converted three-quarters 
of this into 12 billion litres of ethanol. 
Today, Brazil has four million cars running on ethanol, and another one million which run 
on a gasohol mixture of 20% ethanol and 80% petrol by volume. One quarter of Brazilian 
transportation fuel is ethanol. It was predicted that in the near future all Brazilian cars 
would run on ethanol, but with oil now much cheaper at approximately $18 per barrel 
(December 1995), this seems unlikely. In terms of cost ethanol can no longer compete with 
petrol, even when the State generates electricity by burning sugar cane residues. One of the 
benefits of using clean-buming ethanol, is that the atmosphere in Sao Paulo, Brazil is 
relatively clean in comparison to many similar South American cities where conventional 
ftiels are used. 
2.1.1.2. Methanol 
Methanol, termed wood alcohol, was once produced by distillation from wood chips. 
Today it is made from synthesis gas, which is converted into methanol using a catalyst of 
zinc oxide and chromium, 
CO + 2H2 ------ - --- > CH30H 
Methanol is a volatile liquid which boils at 650C. It is 'clean burning' and, since it is less 
volatile than petrol, the fire hazards following a vehicle collision or accident are reduced. 
Most unleaded petrol contains a derivative of methanol, methyl tertiary butyl ether (MTBE) 
as an anti-knock additive. World demand for methanol now exceeds 20 million tonnes per 
year. Problems with methanol are corrosion of the fuel delivery system, toxicity and high 
price. 
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2.2 Hydrogen 
Considerable research has been carried out into the potential of hydrogen as an alternative 
fUe118. One gram of hydrogen yields more energy than the same amount of conventional 
fuels. However a major problem with hydrogen is that one tonne occupies 11 million litres 
at atmospheric pressure, which is about the size of a sports hall. Hydrogen is considerably 
less dense than methane, and it requires three times the volume to yield the same amount of 
energy. 
For commercial use hydrogen is usually shipped at 2000 psi at 210C. By condensing 
hydrogen to a liquid at -2530C the volume of a tonne reduces to a manageable 14,000 
litres. This is how large quantities of hydrogen are transported and stored for rocket power. 
There are however major safety problems associated with the use of hydrogen, namely its 
wide flammable range i. e., 4% to 75 % by volume in air, low energy for ignition ( and an 
A. I. T. of 5870C in air at atmospheric pressure) and the possibility of ignition on leakage 
due to the Joule-Thompson effect (hydrogen being an exception in that it warms on 
expansion at room temperature). These risks are exacerbated by storage under high 
pressure. 
Therefore, schemes may be based upon the use of hydrides to generate hydrogen in-situ. 
There are two natural sources of hydrogen: 
(i) Water 
Electrolysis of water releases hydrogen. Such generators work with 90% 
efficiency. The electrolysis of steam inside porous electrodes of zirconium oxide 
produces hydrogen even more efficiently. However, even this process would not 
make a hydrogen economy viable, since it is cheaper to produce electricity than to 
produce hydrogen. Economies could be advanced by utilising the surplus electricity 
produced by a nuclear power station at night to electrolyse water to hydrogen. 
(ii) Hydrocarbons such as methane. 
Methane can be oxidised to produce hydrogen and carbon monoxide. The 
reaction is normally carried out at 8500C using Ni catalyst. 
It has been predicted that, by the year 2015, most cars will still be powered by conventional 
petrol or diesel engines, with battery-powered cars and alternative fuels relegated to the 
"politically correct fringe 
2.2.1 Hydrogen Fuelled Cars 
The 'Power to Petrol' report2O takes a strongly pessimistic view of the prospects for 
hydrogen-powered cars, upon which several leading manufacturers are working as one of 
the most promising alternatives to battery vehicles in the search for environmentally "clean" 
private transport. 
The study appears to reinforce the arguments of the US "big three" car makers, General 
Motors, Chrysler and Ford, that electric vehicle technology is not sufficiently advanced for 
viable battery cars to go on sale in California in 1998 in line with the State environment 
legislation. 
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2.3 Alternative Engines 
A battery-powered car would be cheap to run, especially if its power cell were recharged at 
night at low tariff. It would be quiet and non-polluting and smooth to drive. 
Environmentalists have said this would be the ideal solution; however there are still many 
problems. 
One problem is that the electric battery is not the source of the energy but merely a 
convenient means of packaging and storing electrical energy generated elsewhere, that is 
usually in a coal, oil or gas-fired power station which adds to pollution of the atmosphere 
with S02 and C02 from its flue gases. As noted earlier C02 contributes to the greenhouse 
effect and S02 towards acid min. Also only approximately 30% of the energy contained in 
the coal is turned into electricity. 
The automotive industry world-wide is spending more than 0 billion a year on research 
into, and development of, electric vehicles. BMW has spent about; C330 million developing 
sodium-sulphur batteries. They have better performance, but cost E16,000 per car and have 
to be recharged every 140 km. The weight of the batteries is a major disadvantage because 
a kilogram of petrol contains 300 times as much energy as a one kg lead-acid battery. 
So far, few practical commercial vehicles have appeared apart from early prototypes by 
General Motors (GM) and electric vans that have been produced in limited numbers by 
Peugeot and Citroen since 1989. GM has just finished building a fleet of 30 models based 
on the Impact, a prototype unveiled about three years ago. The fleet is starting trials under 
programme PrEView in Los Angeles and will be evaluated along with prototype systems 
for recharging the vehicles by 1000 drivers of widely varying types and needs over the next 
two years. Peugeot has been producing a limited number of electric 205 models. These 
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have a range of 60 miles before recharging is required. Although fuel cost is a fraction of 
the petrol car, the batteries need changing every four years at a cost of fIOOO and since the 
original battery car costs twice as much as an ordinary petrol/diesel car the economic 
benefits are low. (Solar charged power cells exist, but for an average family car, the size 
and weight of these give rise to problems and they are not yet therefore a serious viable 
alternative). Despite this it has been stated that "GM wants electric vehicles to be a market- 
place success. The PrEview drivers will help us understand the potential electric vehicle 
(EV) customers and help take us one step closer to making EV's a reality"2 1. 
It has been claimed that the production, recycling and disposal of large numbers of car 
batteries would release dangerous levels of lead into the environment22. The mining and 
smelting required to manufacture their batteries also produce lead emissions. However, 
modem manufacturing and pollution control technology could be expected to cope with 
such problems in compliance with stricter legislative controlS23. 
2.4 Vegetable Oil Derivatives as Fuels 
Rudolph Diesel the engine inventor envisaged and first used vegetable oil as fuel in 1899. 
However cheap and abundant petroleum-derived fuel quickly overtook vegetable fuel to 
became the major source. 
All vegetable oils and animal fats are made up of molecules of tri-acylglycerides, which 
consist of three long fatty acids connected to a molecule of glycerol: 
CH2- 0 -CO IVM 1 
CH-O-CO/VM 
1 
CH2-0-CONM 
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Plants and animals synthesise oils and fats because the long chains of CH2 units provide an 
efficient mechanism for energy storage. Vegetable oils without further processing/ 
modification cannot be used as fuel in the direct injection diesel engine, and can be used 
only with difficulty in pre-chamber diesel engines, since they cause severe engine deposits, 
ring sticking, injector coking and degradation of lubricants. Coking is the accumulation of 
hard carbon deposits around the injector orifices and other surfaces in the combustion 
chamber, which can eventually disrupt the spray emitted from the orifices and prevent valve 
seating, causing ring sticking and engine failure. To reduce these problems the fatty acids 
are liberated from the glycerols by using alkali in a process of trans-esterification. The 
resulting acid is treated with methanol (CH30H) which converts it to methyl ester. 
CH3-0-CO/MA 
These esters are more volatile and are hence more suitable for use in the diesel engines. 
Vegetable oils have been tested as alternative diesel fuels. They have heat contents of 
approximately 90% those of diesel fuels. However, an unmodified vegetable oil has a very 
high viscosity (e. g. rape seed oil has a viscosity of 37.0 cST at 380C) as compared to 
diesel oil (e. g. 2.7 cST at 380C). 
Use of vegetable oil methyl esters avoids the formation of carbon deposits. But here also, 
problems arise such as lubricating oil dilution and sludge fortnation. Strong efforts are 
being made to eliminate these problems. The use of vegetable oil can be of great benefit in 
some special fields such as fuelling farm machinery and canal boats in Holland were they 
are required to use vegetable fuel and lubricant, which are more readily biodegradable to 
protect the sensitive marine environment. 
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2.5 Rape Seed Oil 
Rape has yellow flowers, from which can be extracted amber oil (a "green" fuel). The 
advantages of rape seed oil are that, in theory, it could replace fossil fuels in both diesel and 
petrol engines and it is much 'cleanee than most fuels resulting in a reduction of sulphur 
dioxide emissions by 98% and of soot particles by 50%. Rape seed oil is also an edible oil. 
In Austria this oil can already be purchased at filling-stations and in Italy it is sold as Bio- 
diesel. It could also offer a solution to the 'over-production! by EC farmers. Under set- 
aside land policy, farmers are paid not to produce edible crops; if rapeseed oil were grown 
for fuel it would offer a bonus for farmers in giving them a real use for land which they are 
now being paid not to use. 
The disadvantage of rape seed oil is that one acre of rape yields only 80-90 gallons of bio- 
diesel. Furthennore one gallon of bio-diesel contains 5 per cent less energy than standard 
diesel oil. The tens of million; Cs subsidies spent on growing it in Europe indicate that the 
real cost is high and encourages highly intensive agriCUItUre24. 
SudA25 investigated the effects of potential vegetable oil ftiels in diesel engines. Vegetable 
oils have heat contents of approximately 90% those of diesel fuels. However, one 
undesirable property of unmodified vegetable oils is that they have a very high viscosity 
upto 10 times greater than ordinary diesel oil. 
Diesel engines are sensitive to viscosity changes. High viscosity leads to poor atomisation 
of the fuel, incomplete combustion, coking of fuel injectors, ring carbonisation and 
accumulation of ftiel in the lubricating oil. A ftifther problem with unsaturated vegetable 
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oils is that, following mixing with engine oil, they undergo polymerisation; this results in 
increased viscosity of engine oil, which may cause engine damage. Hence more frequent 
engine oil changes are needed. 
Different methods of dilution, micro-emulsification and transesterification have been tried 
to overcome the viscosity problem. 
2.5.1 Dilution 
Dilution of 25 volume parts of unmodified sunflower oil with 75 parts of diesel fuel has 
been carried out by Ziejewski and et al. 26. The viscosity of the mixture was 4.88cSt at 
400C, slightly greater than the 4. OcSt at 400C maximum recommended as the ASTM 
value. Furthermore Ziejewsld et al. recommended that the 25n5 blend should not be used 
as a long term solution as it will have a detrimental effect on the piston rings, engine wear 
and injector components. Clearly this is not a practical solution. 
Unmodified27 high oleic safflower oil was also mixed in a fortnulation at 25 volume parts 
of safflower with 75 parts of diesel fuel. Again the viscosity was high (4.92 cSt at 400C) 
compared to the recommended maximum value, even though it passed the EMA (American 
Engine Manufacturers Association)28 test. 
Another formulation tested by Goering29 used 50 volume parts of soya bean oil with 50 
volume parts of Stoddard solvent (48% paraffins and 52% naphthenes) from Union Oil 
Co. This formulation also passed the EMA30 test. However Goering reported heavy carbon 
deposits on the tulips of the intake values and considerable top ring wear. The problem of 
elevated viscosity still remains; for this fuel viscosity was 5.12 cSt at 380C. 
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2.5.2 Microemulsions 
The viscosity of vegetable oils can be reduced by microemulsion with short-chain alcohols 
such as methanol or ethanol. A microemulsion is defined as a colloidal equilibrium 
dispersion of optically isotropic fluid microstructures, with dimensions generally in the 1 to 
50 nm range, formed spontaneously from two normally immiscible liquids and one or more 
amphilphiles. These are miceller systems that may be formed as ionic or non-ionic 
amphiphiles. Schwab and Pride3l demonstrated amphiphiles in the miceller stabilisation of 
methanol in triolein and soya bean oil. 
Methanol has an economic advantage over ethanol, and can be derived from a large variety 
of base stocks including biomass, municipal waste, natural gas and coal. By 
microemulsion fortnation it is possible to prepare alternative diesel fuels completely free of 
petroleum. The 200 hr Engine Manufacturers Association (EMA) test was passed by one 
such fuel (soya bean oil, methanol, 2-octanol and cetane improver in the ratios 523: 13-3: 
33: 3 : 1.0)32. Because of their alcohol contents microemulsions have lower heating values 
than diesel fuels, but alcohols have high latent heats of vaporisation and tend to cool the 
combustion chamber which would reduce nozzle coking. 
2.5.3 Trans esterification 
The process of converting neat vegetable oils into esters is termed 'transesterification'. It is 
essentially the process of reacting a triglyceride (of the vegetable oil or animal fat), with an 
alcohol in the presence of a catalyst to produce glycerol and fatty acids esters. The 
molecular weight of the resulting ester is roughly one third that of the unmodified vegetable 
oil. For rape seed and methanol the equation is, 
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Rapeseed oil + Methanol-----> Diester+ Glycerol 
(it) (0-10 (it) (0-10 
Previously in the production of methyl esters, washing was an important process in the fuel 
preparation. Washing (termed 'sweetening' in the petroleum industry) of methyl esters 
required a large amount of water to remove unreacted tricglycerides (Figure 2.2) and 
derivatives, excess methanol, salts, and unreacted catalyst. To yield methyl esters, almost 
5,000 litres of wash water was used to produce 100 litres of ester in order to remove 
corrosive unreacted catalyst which was found to be present at only 0.03 % in the unwashed 
ester. 
A superior method of producing ethyl esters at the same output as the previous methyl ester 
production process has been reported33. In contrast to the routine method of preparing 
esters, the new method operates at ambient temperature and washing the final ester (an 
important washing step requiring extensive amounts of water) is eliminated. In addition the 
production capacity of ester is reported to increase five times, from 760 litre of methyl ester 
to 3,800 litres production of ethyl ester. The increase is due to time saved in washing (10 
hours) plus at least 48 hours of settling plus separation. 
Ester Heat content MJ/kg Cetane 
No. 
Cloud point 
oc 
viscosity 
cSt at 380C 
Me soyate 39.8 46 2 4.1 
Et soyate 40.0 48 1 4.4 
Bu soyate 40.7 52 -3 5.2 
Me sun 39.8 47 0 4.2 
Me rape 40.5 54 -2 6.7 
Me peanut - 54 5 4.9 
Me palm - 62 1 13 1 
Diesel 1 45.2 46 1 -17 1 2.4 
Table 2.1 Fuel Properties of Vegetable Oil Esters. 
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Table 2.1 summarises relevant fuel properties of vegetable oils. Methyl, ethyl, butyl soyate 
have similar properties to those of reference diesel fuel. The gross heating value of ester 
soyate is approximately 10% less than that of the reference dieseJ34 
The biodiesel fuel has a lower calorific value (LCV), 7% less than reference diesel OiJ35, 
but the slight power loss that may be expected is compensated for by an appreciable 
improvement in combustion as a result of the oxygenation of the diesel fuel proportion by 
the addition of the esterified oil. Thus thermal efficiencies have been shown to be higher 
than energy calculations predict. It should be noted that the power reduction can only be 
detected when the proportion of biodiesel in the diesel exceeds 30%. 
The energy yield from the bio-diesel is invariably greater than that expended during 
production (more than twice as much on average)36. Better results can be expected with 
more productive hybrid rapeseed and more efficient and economical cropping. 
Environmentally, biodiesel is a relatively low-toxicity product and more than 98% 
biodegradable. Combustion produces less sulphur dioxide, smoke, particulates, 
hydrocarbons and carbon monoxide. Biodiesel has a positive C02 balance and does not 
contribute to global warming. Above all biodiesel is renewable, hence saving valuable 
natural resources. 
The most recent large-scale industrialised use of vegetable oil is in the area of alternative 
ftiels for diesel (compression ignition) engines. Preliminary results indicate that such fuels 
result in lower nitrogen oxides and particulates production, as well as meeting oxygenated 
fuel restrictions in the U. S. 36. In the US. soya beans are more available, hence biodiesel is 
made from soya. In Europe rapeseed is a primary crop produced for edible consumption. 
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Also, the longer carbon chain length of oils, such as rapeseeds, results in longer storage 
stability and improved lubricity when used as biodiesel. 
Vegetable oils are obtained from a variety of crops, such as soyabean, peanut, sunflower, 
safflower, cottonseed, rape, canola and coconut crops. Linseed and castor are also used to 
a large extent. Figure 2.3 shows the flow chart for biodiesel production. Neat vegetable 
oils differ from diesel ftiel in that the latter is composed of saturated hydrocarbons; the 
vegetable oils listed are triglycerides consisting of glycerol esters of fatty acids. Table 2.2 
summarises fatty acid compositions of representative oils. The high molecular weights, 
high oxygen content and high unsaturation means that some vegetable oil properties differ 
significantly from those of ordinary conventional fuel. 
Vegetable species that contain low or no linolenic acid (18: 3) and large amounts of stearic 
(18: 1) and oleic acids (18: 2) are favoured because they give less trouble in the engine 
(Figure 2.1). 
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Fatty acid Composition 
Vegetable Oil 14: 0 16: 0 18: 0 20: 0 22: 0 24: 0 18: 1 18: 1* 22: 1 18: 2 18: 3 
Castor 0 1 3 0 0 0 5 90 0 1 0 
Cottonseed 0 28 1 0 01 0 13 0 0 58 0 
Crambe 0 2 1 2 1 1 19 0 59 
1 
9 71 
Linseed 0 5 2 0 0 0 20 0 01 18 55 
1 
Peanut 0 11 2 1 2 1 48 1 0 01 32 11 
Rapeseed 0 3 1 0 0 0 64 0 0 22 8 
Safflower 0 9 2 0 0 0 12 0. 0 78 0 
fH. 0 Safflower tr. 5 2 tr. 0 01 
- 
79 0 0 13 0 
Sesame 0 13 4 0. 0 0 53 0 0 30 0 
Soybean 0 12 3 01 0 0 23 1 01 0 55 6 
Sunflower ' 0 61 3 .01 
0 0 17 
1 
01 0 74 
1 
01 
tr. = trace 
* I-Egh oleic Safflower 
* Ricinoleic acid, 12-hydroxy cis-9-octadecenoic acid 
Table 2.2 Chemical Composition of Vegetable oils 
CH3(CH2)16COOH stearic acid 
CH3(CH2)7CH=CH(CH2)7COOH oleic acid 
CH3(CH2)4CH=CHCH2CH=CH(CH2)7COOH linoleic acid 
Figure 2.1 FLU Acid Structures 
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Fats (trig lycerides of fatLy acids) 
Figure 2.2 Fats (trielycerides of fat1y acids) 
The oilseed crops listed in Table 2.2 are traditional crops which have been grown over 
hundreds, if not thousands, of years. The appliance of bio-technology, fertilisers and new 
modem production techniques should improve the current yields. For example, in the US 
improvement in wheat yield from 1945 to 1976 was 87% 37. 
From Table 2.2 only peanut yields 50% oil content, whilst soya bean produces only 18%. 
The US. Department of Agriculture (USDA) has examined over 8,000 different species for 
oil production38. From their search they have isolated several hundred species which give 
over 40% oil content and 50 species which give 60% or more of oil. Some of these species 
e. g. Apocynaeceae Thevetia ovata (60% oil), and Theaceae Chrysophyllum (68% oil), may 
be developed for possible fuel crops39. 
2.5.4 Properties of Vegetable Oils 
The properties of diesel oil and various vegetable oils were compared by Goering et al4O 
and the data are summarised in Table 2.3. 
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oil Viscosity 
cST(380C) 
Cetane Number 
(ASTM D 613) 
Gross Heating 
Value MJ/kg 
Cloud 
Point OC 
Pour 
point OC 
Flash 
Point OC 
Density 
kg/litre 
COM 34.9 37.6 39.50 -1.1 -40.0 277 0.91 
Cottonseed 33.5 41.8 39.47 1.7 -15.0 234 0.92 
Peanut 39.6 41.8 39.78 12.8 -6.7 271 1 0.90 
Rapeseed 37.0 77-76- 39.70 -3.9 -31.7 246 0.91 
'n Soybea", n TTT 37.9 39.62 -12.2 -- - Sunflower 33.9 37.1 39.58 7.2 -15.0 T7 4 7.9 2 
1 Diesel 1 2.7 1 47 145.34 1 -15.0 1 -33.0 52 0.84 
Table 2.3 Fuel BLoperties of Vegetable and Diesel Oils 
The data show that the viscosities of neat vegetable oils are on average 13 times greater than 
of diesel oils. This high viscosity severely handicaps the use of vegetable oils as substitutes 
for fuel in automotive engines. Several different methods are used to lower the viscosity as 
described in sections 2.5.1,2.5.2 and 2.5.3 . 
The Gross Heat of combustion for vegetable oils is fairly constant and equivalent to about 
90% that of diesel fuel. However tests have shown that, due to the presence of extra 
oxygen in the vegetable oils, the total energy release is nearly the same as for diesel fuel4l. 
The cloud points of the vegetable oils in Table 2.3 are in the range -3.90C to 12.80C. 
These are high compared to diesel fuel, -9 to -220C. The pour points of vegetable oils apart 
from com (-400C) and rapeseed (-31.70C), are also higher and range from (-6.70C to 
-150C), whereas, the diesel pour points range from -23 to -420C. Therefore, because of 
their high pour and cloud points, vegetable oils would introduce severe problems in very 
cold weather depending on the type used. Vegetable oils are much safer to handle because 
of their very much higher flash points, but then diesel oil itself is a conventional flammable, 
not highly-flammable, liquid for the purpose of storage and transportation. 
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2.5.5 Properties of Vegetable Oil Esters 
Low molecular weight alcohol fatty acid esters have viscosities and volatilities much closer 
to those of diesel fuel. Consequently they have been extensively tested as alternative diesel 
ftiels; generally they show great promise. As an example, it was recently reported that a 
Massey Ferguson tractor running on sunflower ethyl ester successfully completed a 1500- 
hour field trial42. Inspection of the engine showed that it was in exceptionally good 
condition after the test. 
Fuel properties of several vegetable oils are summarised in Table 2.3. Heat contents of the 
esters are fairly uniform which indicate that differences in their chemical structures have 
only a slight effect. The gross heats of combustion, Hg, of esters are slightly higher than 
those of the respective vegetable OiIS43. The Cetane Numbers of the esters are greater than 
those of either vegetable oils or diesel fuel. However the cloud point still remains high 
presenting problems such as cold weather starting. The viscosities of esters are much lower 
than those of neat vegetable oils (Table 2.3) and no problems are forseen during passage 
through the injectors. 
Long term engine tests with the methyl ester of winter rape seed oil have shown that engine 
performance, wear criteria and injector coldng criteria are favourable compared with the 
reference fuel44. A small amount of oil dilution has been observed. However this does not 
have serious consequences, because the viscosity-temperature characteristics and lubricity 
of rapeseed oil are similar to those of lubricating oil. The lubricating oil of a normal car 
diesel engine has to be changed more often as a result, every 6000 miles instead of the 
usual 9000 miles. 
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Chapter 3 
3.0 PETROLEUM COMBUSTION CHEMISTRY 
3.1.1 Mixture Formation and the Combustion Process in a Spark-Ignition 
Engine 
The spark-ignition engine is a piston engine with homogeneous external, or internal, air- 
fuel mixture formation and spark ignition. In a spark-ignition engine, the homogeneous air- 
fuel mixture is compressed to approximately 15 to 25 bar during the compression stroke. 
The final compression temperature of 4000C to 5000C thus generated lies below the auto 
ignition threshold of the mixture; therefore it must be ignited by an ignition spark shortly 
before TDC (Top Dead Centre). Subsequent combustion, and hence the economy and 
power, are influenced primarily by the achievable flame velocity and hence the duration of 
combustion. 
Spark-ignition engines must inevitably use a more volatile fuel than diesel engines, and 
mixture formation up to the point at which combustion begins takes longer than in diesel 
engines. Spark-ignition engines thus achieve a more homogeneous mixture than diesel 
engines. 
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Spark-ignition engines operate in the range of stoichiometric fuel-air mixture ratio. Diesel 
engines always operate with excess air (A>1). Operation with insufficient excess air leads 
to an increase in soot, CO and HC emissions. 
3.1.2 Mixture Formation in a Spark-Ignition Engine 
The function of the mixture formation system in the spark-ignition engine is to produce a 
combustible, suitably homogeneous, air-fuel mixture. However, homogeneity can only be 
achieved with gas or gas/vapour mixtures , i. e. all of the fuel must be vaporised before 
ignition is initiated. If the fuel cannot be completely vaporised, e. g. during cold starting, 
because the temperature is too low, additional fuel must be supplied such that the amount of 
fuel vaporised is sufficient to form a combustible air-fuel ratio (cold-start enrichment). The 
unburned fuel is then emitted in the exhaust and detected as unburned hydrocarbons and 
white smoke particulates. 
In addition to the formation of an homogeneous mixture, the mixture formation system 
must also provide engine load control. Homogenous air-fuel mixtures only bum "clean" 
within a narrow range of air-fuel ratio (A- 0.8 tol. 2), and therefore load control must be 
accomplished by controlling the amount of mixture which enters the cylinder (quantity 
control). This is achieved by throttling the amount of the fuel entering the working 
cylinders under part-load operating conditions (throttle control). The air-fuel mixture must 
also be formed in a manner which minimises deviations in the air-fuel ratio from cylinder to 
cylinder and from working cycle to working cycle. 
The degree to which this requirement is fulfilled varies between carburettor and fuel- 
injected engines. Although the posifion of the throttle valve in the lower load range causes 
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uneven air distribution, and thus uneven cylinder filling, in the case of a single-point 
carburettor mixture-formation system, intake manifold pressure, which drops as the load 
decreases, causes the amount of fuel vapour to increase. 
In both types of mixture formation system, changes in the air-fuel vapour ratio (real A) 
must be corrected by means of enrichment during cold starting and during the warm-up 
phase. This is done by increasing the petrol concentration during cold start in the spark- 
ignition engine and in the diesel engine by starting aids such as glow plugs which increase 
the temperature inside the combustion chamber resulting in easier combustion of diesel 
fuel. 
3.1.3 Ignition in a S. 1 Engine 
The ignition system is required to ignite the compressed mixture at a predetermined time, 
even under dynamic operating conditions which cause fluctuations in mixture movement 
and in air-fuel ratio. Combustion reliability, especially within the lean range (A >1) and 
under extreme conditions, can be improved by positioning the spark plug in an area which 
provides good accessibility to the mixture and which also ensures orderly mixture 
movement. The ignition energy required is a function of the air-fuel mixture composition. 
An ignition energy of 0.2 mJ is required for petrol/air mixtures in the stoichiometric range. 
Rich or lean mixtures require up to 3 mJ per ignition. 
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3.1.4 Combustion Process in a S. 1 Engine 
The initial thermal reaction which occurs between the addition of the ignition energy by the 
ignition spark and the exothermic reaction of the air-fuel mixture is termed the flame 
development phase. The rate is roughly constant over time, and depends solely upon the 
mixture composition. Hence, in relation to piston movement there is an ignition lag which 
increases and varies as the air-fuel ratio changes. 
The course of heat release depends primarily upon the shape of the combustion chamber 
and the location where ignition occurs, and combustion time is primarily a function of the 
speed at which the flame propagates (combustion speed). The combustion speed is greatest 
at approximately 10% air deficiency i. e. an air fuel ratio A--0.9 and flame speed is 20 to 40 
M/S. 
Low fuel consumption and high efficiency are both promoted by short combustion times 
i. e. high combustion speeds, and by heat releases at the proper location with respect to the 
piston movement. The greatest heat release should occur shortly, (approximately 50 to 100 
crankshaft) after top dead centre. If the majority of the heat is released too early, wall heat 
losses and mechanical losses (high peak pressure) are increased. If energy releases occur 
too late, the heat is used inefficiently and the exhaust gas temperature increases. The correct 
position for heat release must therefore be ensured for maximum efficiency. 
The number of motor cars sold (both diesel and petrol) in the UK is predicted to rise as 
shown in Figure 3.1. From this figure it can be seen that the number of cars predicted to be 
sold in the year 2025 will be double the present (1995) number, resulting in increased 
congestion and pollution emissions. Therefore the use of alternative fuels, producing less 
harmful pollutants will be beneficial to the environment. 
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Figure 3.1 The Predicted Rise in the Number of Private Cars to be Sold in the U. K. 
3.2 Diesel Engines 
Diesel engines are perceived as an 'environmentally-friendly' alternative to petrol engines 
because they produce less carbon dioxide, fewer hydrocarbons and less nitrogen oxides. 
Diesel engines also provide more vehicle-miles per gallon. The sales of diesel engines have 
risen rapidly in the last 16 years as exemplified in Fig 3.2 46. 
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In general the main advantages of diesel engines are: 
1. The engines bum a wider variety of fuel (Cq-C 11). 
2. Due to the higher temperatures (700OC-9000C) and pressures 
(35-55 bar) generated during combustion the engines are built to be 
much more durable. 
3. Lower harmful NOx and HC emissionS47. 
4. Simpler design and maintenance i. e. a new diesel saloon car 
requires a service every 9000 miles as compared to an equivalent 
petrol engine car's service at 6000 miles. 
5. Life of the engine is much longer as a consequence of 2 and 4. 
The main disadvantages of diesel engines are: 
I. Higher original price than comparable petrol engine (diesel cars on 
average cost 10% more than equivalent petrol engine cars). 
2. Noise at low speeds, i. e. at 1000 rpm, due to diesel knock. 
3. High bulk and weight (1.5 times greater than a comparable petrol 
engine). 
4. Problems of starting in cold weather, especially below OOC. 
5. Price of glowplugs. 
6. Higher PMIO emissions. 
7. More fi-equent oil change. 
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Figure 3.2 Rising Sales of Diesel Cars (as a percentage) Compared to Petrol Engined Cars 
in the U. K. 
A diesel engine is a reciprocating-piston engine with internal air-fuel mixture formation and 
auto ignition. During the compression stroke, intake air is compressed to 35 to 55 bar, and 
its temperature is thereby increased to between 7000C and 9000C. This temperature is 
sufficient to cause auto-ignition of the fuel which is injected into the cylinders shortly 
before the end of the compression stroke and very near piston top dead centre. Subsequent 
combustion and utilisation of the induced combustion air, and thus the attainable mean 
effective pressure, depend to a great extent on mixture formation in the heterogeneous 
processes. 
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3.2.1 Mixture Formation in Diesel Engines 
In heterogeneous mixtures, the air-fuel ratio (A) covers the area of pure air in the spray 
periphery (A= oo ) inward to pure fuel in the spray core ( A--O). Because this zone occurs 
for every drop of injected mixture, load-control can be achieved via the amount of fuel 
introduced at mixture formation. This is termed mixture quality control. 
As in the case of homogeneous mixtures, combustion takes place in the relatively narrow 
range of 0.3 <A> 1.5. The mass transport necessary in order to generate these combustible 
mixtures takes place via diffusion and turbulence, and is brought about by the mixture 
formation energy sources described below and by the combustion process itself . 
3.2.2 Kinetic Energy and Fuel Spray 
The Idnetic energy of the fuel spray is a ftinction of the pressure drop at the nozzle orifice 
and, together with the spray cone determined by the nozzle geometry and the resulting ftiel 
velocity, determines the air-fuel interaction areas and the droplet size range within this 
space. The spray energy is influenced by the delivery rate of the fuel injection pump and the 
flow cross-sections of the injection nozzle. 
During the injection period, the injection conditions such as injection pressure, nozzle 
orifice area and injection rate may vary. Consequently the droplet size distribution at a 
given location in the spray may also change with time during the injection period. In 
addition, since the characteristics of the atomisation process differ between the spray core 
and the spray edge, and the trajectories of individual drops depend on their size, initial 
velocity, and location in the spray, the drop size distribution will vary with position within 
the spray. 
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Figure 3.3 pWlet Size Distribution of Diesel Fuel at Given Radial Distance 
from S12ray-Axis 
Figure 3.3 shows the droplet size distribution of a diesel fuel spray injected through a 
throttling pintle nozzle into quiescent room-temperature air at 11 atm. Nozzle opening 
pressure was 9.9 MPa and pump speed 500 rpm. Droplets were sampled at given radial 
distances from the spray axiS48. 
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3.2.3 Heat Energy 
The heat energy generated by the combustion chamber walls and compressed air promotes 
the vaporisation of the injected fuel in the form of film vaporisation and in the form of drop 
vaporisation. Hence it is important in efficient fuel combustion. 
3.2.4 Combustion Chamber Shape 
The combustion chamber shape together with the piston movement can be used to generate 
turbulence (squish). Squish generated gas motion results from using compact combustion 
chamber geometry and occurs at the end of the compression stroke. The squish motion is 
used to enhance movement of the air-fuel mixture to improve combustion performance. 
3.2.5 Orderly Air Movement (swirling action) 
A movement imposed on the combustion air inside the combustion chamber, usually in the 
form of solid-body rotating flow, promotes the flow of air towards the fuel stream, and 
removes the combusted gases from the strearn, if the direction of the fuel flow is roughly 
perpendicular to the direction of the swirling air and if the drops of fuel are in the process 
of being vaporised. 
In the case of wall-film vaporisation the swirling motion of the air removes the vaporised 
layer from the wall and induces thennal separation of combustion gas. The micro- 
turbulence superimposed on the solid-body rotating flow causes rapid mixing of the fuel 
and air. The orderly "solid-body rotating flow" of the air is generated either by the special 
shape of the inlet port or by transferring a portion of the cylinder charge to a swirl chamber. 
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3.2.6 Direct injection (DI) 
Direct injection refers to all processes in which the combustion chamber is not divided. 
Direct injection (DI) chambers in diesel engines can be further divided into three main 
types: 
(i) Quiescent injection process. 
(ii) Partial combustion in a swirl chamber. 
(Iii) MAN M system single-hole nozzle combustion process. 
The above tvpes of chamber are shown in Fipures 3.4.1,3.4.2 and 3.4.3 . 
I 
- 
I 
__ _I_ 
Figure 3.3.1 Qjjiescent injection process 
r .'- 
Figure 3.3.2 Partial combustion in a swirl chamber 
Figure 3.3.3 MAN M system single-hole nozzle combustion process 
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3.3 Combustion Process in Diesel Engines 
In a diesel engine, the fuel is burned in a controlled manner, not explosively as in the petrol 
engine. In a petrol engine combustion is virtually instantaneous. In a diesel engine, ignition 
does not take place immediately the fuel is injected into the combustion chamber. 'Mere is 
an interval between the ftiel injection and self-ignition; this is termed the ignition delay 
period. The ignition delay affects the performance of the engine. The engine is hard to start 
if the ignition delay is too long and this results in diesel knock. The shorter the ignition 
delay the smoother the performance of the engine. 
The start of injection (and thus the start of mixture formation) and the start of the 
exothermic reaction (start of ignition) are separated by a certain period of time, called the 
ignition lag. This lag depends upon the ignition quality of the fuel (Cetane number in diesel 
fuels), the compression ratio and thus the final temperature, the type of the fuel 
management selected and the load condition of the engine. 
The combustion which begins with the start of ignition, can be subdivided into two phases. 
In the fast "premixed flame" phase, the fuel injected prior to the start of the ignition and 
mixed with air, combusts. The fuel which is injected after the start of ignition combusts in a 
"diffusion flame". 
That portion of the combusted fuel which bums as a very rapid premixed flame is primarily 
responsible for the pressure increase, and thus is the primary cause of combustion and the 
generation of oxides of nitrogen. The slower burning diffusion flame is the primary source 
of soot and, since combustion is incomplete, of unburned hydrocarbons. 
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The release of heat in a diesel combustion process is thus a direct function of the type of 
mixture formation, and can be varied over a wide range by changing the above-mentioned 
parameters. 
The two-stage combustion cycle, which is characteristic of the auxiliary chamber process 
allows the combustion process to be additionally controlled via the selection of the 
appropriate cross-sections in the connection throats between the auxiliary chamber and the 
main combustion chamber. 
These processes differ from one another primarily with regard to the initial combustion 
phase. The high conversion peak of the air-distributed direct fuel injection process at the 
start of the combustion can be reduced by applying the fuel to the wall of the chamber, and 
even more greatly reduced via two-stage combustion in the auxiliary chamber process; 
combustion efficiency is however reduced. 
3.4 Combustion Problems and Limits 
Because the fuel injected into a diesel engine ignites spontaneously, the ignition quality of 
the fuel must be high; i. e. it must have a Cetane Number in the range of 45 to 50 . In spite 
of a high compression ratio, ignition problems can occur during starting, particularly when 
starting from cold, because at the low cranking speed of the engine, compression does not 
begin until significantly after BDC (Bottom Dead Centre), when the intake valves close. 
The effective compression ratio, and thus the compression temperature, are therefore 
greatly reduced. In addition cold engine components promote the flow of heat out of the 
compressed air (polytropic exponent : I. l< n>1.2). Mixture formation is additionally 
unsatisfactory at low speed engines (large ftiel drops), and air movement is low. 
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A longer vaporisation time (i. e. earlier injection) and an increased fuel quantity which is 
significantly greater than the full-load quantity (i. e. supply of a greater quantity of low 
boiling fuel) can only partially solve the starting problem, because the higher-boiling fuel 
constituents leave the engine in the form of white or black smoke. Starting aids which 
increase the temperature, such as the glow plugs or flame starting systems, are therefore 
necessary, especially in the case of small engines . 
Because a significant portion of the mixture formation process occurs during combustion in 
heterogeneous processes, local concentrations of over-rich mixture occur in the diffusion 
flame, thereby leading to an increase in the emission of black smoke, to a certain extent 
even with moderate excess air. The optimum air-fuel ratio is one which leads to smoke 
emissions which border on the legal limit . Divided chamber engines which emit smoke at 
the legal limit operate with excess air of 10 to 25%, whereas this value is 40 to 50% in 
direct-injection diesel engines. It should be noted that large-volume diesel engines must 
also run with a significant amount of excess air, usually 15 to 30 %, for reasons of thermal 
component load. 
A soot-free diesel engine cannot be designed because heterogeneous combustion always 
produces soot. Work is therefore proceeding on the development of regenerative soot filters 
which collect the soot for subsequent combustion. 
Auto-ignition processes are, because the vaporised fuel mixed with the air bums abruptly, 
characterised by noisy combustion with less combustion emissions. The emissions of 
noise can be reduced by decreasing the ignition lag (e. g. by heating of the intake air, 
supercharging, or increasing the compression) and/or by reducing the amount of fuel 
supplied to the engine during the ignition lag (throttling pintle nozzle). 
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A characteristic of diesel engines is, the so called "diesel knock" which is different from 
noisy combustion. Diesel knock is generated in the middle lower regions of the diesel 
engine map, and is caused by problems in the mixture formation system, such as chattering 
or carbon-encrusted injection nozzles, and is audible as a pulsating, metallic noise. 
Because of the high compression required in a diesel engine for starting and for noise 
reduction purposes, and the high peak pressures caused by auto ignition, the diesel engine 
needs to be a comparatively strong power plant. Because heterogeneous processes must 
also occur with excess air at full load, diesel engines in general have a low power density. 
In the case of the spark ignition (SI) engine, the fuel (gasoline) is vaporised in advance, 
between the carburettor and the combustion chamber, where it forms a gaseous mixture 
with air in the appropriate ratio (expressed by air-ftiel weight ratio). This gaseous mixture 
is induced into the combustion chamber where it is ignited by an electric spark. 
Conversely, with the compression ignition (CI) engine, fuel is injected into the combustion 
chamber in the form of fine droplets. These droplets subsequently evaporate from the 
surfaces in the hot atmosphere inside the combustion chamber to form a combustible fuel- 
air gas mixture that ignites automatically. With either type of internal combustion engine, 
the liquid fuel must vaporise before it can ignite. Hence correct volatility is one critical 
property of the fuel. 
3.5 Composition of Petroleum 
Any petroleum product, whether it is crude oil, petrol, lubricating oil, or fuel oil, is 
essentially composed of only two elements, carbon and hydrogen plus small amounts of 
undesirable inorganic elements such as sulphur, nitrogen and oxygen. Minute impurities 
such as aluminium, calcium, nickel, sodium and vanadium may also be present in amounts 
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between 0.015% to 0.05%., The hydrocarbons are sub-divided into four main classes; 
paraffinic, aromatic, naphthenic and olefinic as shown in Table 3.1. 
Paraffinic hydrocarbons Chemical Fonnula 
edme C2116 
propane C3H8 
pentane C5HI2 
undecane Cl IH24 
ceryl C30H62 
Aronzatic h)4Mcarbons 
benzene C6116 
xylene C8118 
toluol C7H8 
cymol ClOH14 
Naphthenic hydrocarbons 
c clobutane C4H8 
c clohexane C6HI2 
Olefinic hydrocarbons 
ethylene C2H4 
ropylene C3H6 
butylene C4H8 
melene C30H60 
Table 3.1 Compgnents of Petroleum 
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3.5.1 Basic Refining of Crude Oil 
Basic refining of crude oil results in typical fractions as shown in Table 3.2 The energy 
output of different ftiels is shown in Table 3.3. 
Fraction No. of carbon atoms 
Gas 1-5 
Petrol 6-10 
Kerosine 11-16 
Light distiflate 13-17 
Heavy distillate 18-32 
Residual . 28-70 
Table 3.2 Typical Fractions Produced from Refining of Crude Oil. 
Fuel Chemical Formula Lower Calorific value kJ/kg 
Petrol C8HI7 43710 
Gas Oil Cq-C II H20-24 42410 
light Fuel Oil C12H26 40590 
Medium Fuel Oil C13H28 39920 
Heavy Fuel Oil C14H30 39690 
Methane CH4 49350 
Propane C3H8 45760 
Butane C4HIO 45130 
Natural Gas C2H6(16%) CH4(83%) 50090 
Table 3.3 T 
. ypical 
En= QuIput of Different Fuels 
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Any replacement fuel must bum to give a similar energy release per unit mass combusted 
in air. Diesel fuel contains hydrocarbons as shown in Table 3.4. 
Saturates 81.1% 
Olefins 0.0% 
Aromatics . 18.9% 
Table 3.4 XVical Hydrocarbon XWe Constituents of Diesel Fuels 
The earliest processes for the fractionation of crude oil were simple and inefficient. They 
involved heating crude oil and condensing the vapour from various levels of a fi-actionating 
tower. Table 3.2 shows the typical fractions produced from refining crude oil. The 
cylindrical tower was usually 1.2 to 1.8 m tall and provided with bubble trays. The lightest 
material condensed at the top, the heaviest at the bottom. 
This 'straight-run' method is referred to as topping or skimming. Modem refinery 
processes are much more efficient and complex. The initial distillation process is followed 
by further refining by any Of four most important methods, depending upon the end 
product required. These comprise thermal cracldng, catalytic cracking, distillation or 
visbreaking as shown in Figure 3.5 . 
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3.5.2 Thermal Cracking 
Thermal cracking is essentially the same as the straight run refining process, except that 
higher temperatures and pressures are used. The thermal cracking process can e. g. be 
divided into two types, liquid phase cracking and vapour phase cracking, and the major 
products usually obtained are petrol, diesel and residual fuel. 
3.5.3 Catalytic Cracking Process 
After the first step in refining, crude oil can be passed through the catalytic cracking 
process. The catalysts are contained in the reactor (e. g. sulphuric acid, hydrofluoric acid, 
anhydrous aluminiurn chloride and oxides of metals such as vanadium, nickel, aluminium). 
Depending upon the initial oil feed, the catalyst used, and the operating conditions the 
products may be either petrol or diesel and slurry oil. 
3.5.4 Vacuum Distillation Process 
After the straight run oil process, the oil is passed through a vacuum distillation at high 
temperature. This enables the heavy distillate to be recovered from the crude oil. This 
distillate is usually used as the stock for a catalytic cracking process. 
3.5.5 Visbreaking Process 
The visbreaking process uses the feed stock from the vacuum distillation process. The 
reaction is similar to that in thermal cracIdng but the lower temperatures and pressures 
result in high quality, and higher proportions of petrol, jet fuel and diesel ftiel. 
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3.6 Viscosity of Liquids 
The viscosity of a liquid is a measure of its resistance to flow, or a measure of the liquid's, 
internal friction. It is a complex function of temperature, shear rate, pressure and time. 
Viscosity can be envisaged as that physical property of a fluid that offers resistance to 
relative motions of adjacent planes, i. e. it corresponds to an internal fluid friction produced 
by the molecules of a lubricant as they flow past one another. The greater the motion the 
greater is the internal resistance offered by the lubricant. 
Viscosity can be defined as the ratio of the stress required to shear the liquid to the rate at 
which it is sheared. The viscosity of an ideal, or Newtonian, fluid shows a linear function 
of shear rate with shear stress as in Figure 3.6. 
(n 
(r) 
0 
Shear Rate 
Figure 3.6 Generalised Fluid Flow Behaviour 
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Fluids that become less viscous the more rapidly they are sheared are termed thinning or 
pseudoplastic fluidS49. Most polymers behave as pseudoplastics. The shear rate at which 
the viscosity is measured must be quoted. Other materials, e. g. sewage, that become stiffer 
the faster they are sheared are termed dilatant fluids. Materials filled with fibres exhibit a 
very high viscosity at low shear rates, and a certain minimum value of shear stress is 
needed before the material will move. The initial stress is termed the yield stress. If, after 
the yielding, the material behaves as pseudoplastic, it is known as a Herschel Bulkeley 
fluid. If the material flows in a Newtonian manner after yielding, it is termed a Bingham 
fluid. 
The viscosity of most petroleum oils and vegetable oils follows Newtonian (ideal) 
behaviour. Viscosity is dependent upon temperature and pressure. When an oil is heated, 
the viscosity naturally decreases. Low viscosities enable easier flow and pumping of oil 
from fuel or storage tank and in utililisation. Control is obviously required however where 
lubricity is a factor. 
3.7 Heat of Combustion of Fuel Oil 
The heat of combustion of a ftiel oil is determined using an oxygen bomb calorimeter. The 
bomb comprises a metallic cylinder, approximately 17.8 cm high and 8.9 cm in diameter. A 
known amount of fuel is completely burned in the presence of oxygen. The heat generated 
by combustion is absorbed by a known volume of water in which the bomb is immersed. 
The amount of heat is obtained by determining the temperature rise of the water and 
converting this to MJ/kg. 
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3.7.1 Flammable Range 
A concentration of a flammable vapour in air (or a lower concentration in oxygen) below 
which a flame will not propagate. This concentration is termed the Lower Flammable Limit. 
Conversely the vapour concentration can be made so rich that there is insufficient oxygen to 
support combustion; this corresponds to the Upper Flammable Limit. Between the two 
limits comprises the flammable range within which any mixture of the specific vapour will 
bum when ignited in air (or oxygen). Flammable limits of hydrocarbon fuels in air are 
determined by a specific test method. 
3.7.2 Flash Point of Hydrocarbon Fuels 
When a liquid fuel vaporises to form a uniform gaseous mixture with air, the concentration 
of the fuel mixture increases with an increase in the liquid temperature, and finally reaches 
the lower flammable limit. The temperature at this point is termed the flash point. The flash 
point maybe determined in a closed-cup, ASTM D-93 58T test method, or an open-cup, 
ASTM D93- IP34 test method. It is taken as the temperature at which a flash of flame of 
specific size occurs, in repeat tests, when a pilot flame is inserted into the vapour above the 
liquid surface in a standard apparatus. To maintain burning, the fuel must be further heated 
to the fire pointý generally a few degrees higher. 
3.7.3 Autoignition Temperature 
Autoignition is the term used for a rapid combustion reaction which is not initiated by any 
external ignition source. The autoignition of a gaseous fuel-air mixture occurs when the 
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energy released by the reaction as heat is larger than the heat lost to the surroundings; as a 
result the temperature of the mixture increases, thereby rapidly accelerating, due to their 
exponential temperature dependence, the rates of reaction involved. The autoignition 
process is complex, i. e. the reaction is not a single- or even a multi-step process; the actual 
chemical mechanism consists of a large number of simultaneous, interdependent chain 
reactions5O. 
3.7.4 Sulphur in Fuels 
A high sulphur content in diesel fuel is likely to increase corrosion and engine wear, and to 
promote formation of tarnish on piston areas as well as sludge in the crankcase. Sulphur 
content can be determined by the classical bomb method. The test is done using ASTM D- 
129, in which the sample is burned under pressure in oxygen and the sulphur content 
recovered as barium sulphate for weighing. 
3.7.5 Cetane Number of Fuels 
The Cetane Number is used to express the ignition quality of a diesel fuel. The readiness of 
a diesel fuel to ignite is measured by determining the cetane number, analogous to the 
octane number of petrol, using test ASTM D-613. The cetane, rating is the most important 
specification in the evaluation of the diesel fuel oil. 
The cetane number scale is defined by blends of two pure hydrocarbon reference fuels. 
Cetane (n- hexadecane, C16H34), a hydrocarbon with high ignition quality, represents the 
top of the scale with a cetane number of 100. An isocetane, heptamethylnonane (HMN), 
which has a very low ignition quality, represents the bottom of the scale with a cetane 
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number of 15 (In the original procedure [a]-methyl naphthalene with a cetane number of 
zero represented the bottom of the scale. Heptamethylnonane (HMN), a more stable 
compound has replaced it), thus cetane number (CN) is given by 
CN= percent n -cetane + 0.15 x percent HMN 
The engine used in cetane number determination is a standardised single-cylinder, variable 
compression ratio engine with special loading and accessory equipment and 
instrumentation. The engine, the operating conditions, and the test procedure are specified 
by ASTM Method D613. With the engine operating under ASTM Method D613 with the 
fuel, whose cetane number has to be determined, the compression ratio is varied until 
combustion starts at TDC: i. e., an ignition delay period of 130 (2.4 ins at 900 rpm) is 
produced. The above procedure is then repeated with reference fuel blends. Each time a 
reference fuel is tried, the compression ratio is adjusted to give the same 130 ignition delay. 
When the compression ratio required by the actual ftiel is bracketed by the values required 
by two reference blends differing by less than five cetane numbers, the cetane number of 
the fuel is determined by interpolation between the compression ratios required by the two 
reference blends. 
The ignition quality of a diesel fuel is improved by a higher content of normal paraffins. 
Because combustion is self-initiated in the diesel engine, the quality most required for a 
diesel fuel oil is good ignitability or a high cetane number. The cetane number of the 
hydrocarbons decreases in the order n-paraffin > naphthene - olefins > i-paraffins > 
aromatics. 
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3.7.6 Heating Values of Fuels 
The heating values of fuels can be calculated from the values of the heats of formation and 
heats of vaporisation tabulated in the literature. For a fuel of formula CmHn- the higher 
heating value (HHV) is calculated from the combustion equation as follows: 
CmHn (g) + (m+1/2 n) 02 (g)-ý* MC02 (g) + 1/2n H20 (1) 
-AH= AH'-- 393.4m-142.8n kJ/g mol 
where AH of the fuels is HHV, AN is the heat of formation of the reactants, and the 
contents of heats of fonnation of the products. 
The mechanisms of combustion reactions of hydrocarbon fuels are very complex and are 
affected by many different factors. Although different fossil fuels (i. e. petrol, diesel and 
aviation fuel) are used in internal combustion engines, the fuels decompose before the 
combustion starts and the oxidation occurs through some basic forms. The basic 
substances are hydrogen, carbon monoxide, gaseous hydrocarbons, and solid carbon. 
Each of these is called a ba ui fuel of combustion. 
3.8 Basic Fuels of Combustion 
The combustion routes of the four basic fuels are also very complicated and many 
unknown factors remain to be identified. The probable, and most simplified, reaction 
mechanisms are shown below. 
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3.8.1 Hydrogen Basic Fuel Combustion 
For the hydrogen basic fuel, hydrogen radicals are formed on combustion either by thermal 
dissociation of H2 as shown in Equation 3.1 or through reaction of oxygen as shown in 
Equation 3.2. 
H2 --- > 2H. 
H2+ 02-> H02- + H- 
Eqn. 3.1 
Eqn. 3.2 
The H. then reacts with 02 to form OH-; the reaction advances to Equations 3.3,3.4, and 
3.5. 
H. + 02 ---> H02- Eqn. 3.3 
H02- + H2 H20 + OH- Ep. 3.4 
OH- + H2 H20 + H. Ep. 3.5 
The H. radical in Equation 3.5 becomes available for use as in Equation 3.3 and continues 
the chain reaction. Once all the fuel is consumed, the radicals react with each other and 
terminate. 
3.8.2 Carbon Monoxide Basic Fuel Combustion 
Because it does not itself form radicals, the combustion of carbon monoxide basic fuel, 
requires the presence of radical forming materials. When water is present the reaction route 
is as shown in Equations 3.6,3.7, and 3.8. 
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H20 ------ > H. + OH- 
Eqn. 3.6 
CO + OH- -> C02 + H. 
Ep. 3.7 
The H- reacts with oxygen to fonn H02* in eq. 3.3, which then reacts with CO as 
H02* + CO ---> C02 + OH- 
Eqn. 3.8 
The 011- in Equation 3.8 returns to eq. 3.7 and repeats the chain reaction. When all the CO 
has been consumed, the reverse of Equation 3.6 occurs in which the radicals disappear 
completing the reaction. 
3.8.3 Hydrocarbon Basic Fuel Combustion 
Combustion of hydrocarbons occurs when they are thermally decomposed to become 
gaseous hydrocarbons. The simplified first step with basic fuel methane is as shown in eq. 
3.9. Because the carbon-hydrogen bond of methane has a greater dissociation energy than 
the carbon-carbon bond, the fast step in methane combustion is postulated to be cleavage 
of H from CH4 to form products as shown in Equation 3.9 and 3.10. 
CH4 + 02 CH3. + H02* 
CH3- + 02 --> CH20 + OH- 
Eqn. 3.9 
Eqn. 3.10 
Because of its high activation energy, the fonnaldehyde is thought to fOrin C02 and H20 
via Equations 3.10 and 3.11. 
CH20 + H02- ---> CHO-+ H202 Eqn. 3.11 
The CHO decomposes to become CO and H-; 
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CHO. --> CO + H. 
Eqn. 3.12 
This CO then reacts with OH- in Equation 3.7 to form C02 and H.. The H. radical reacts 
with oxygen to become H02. which reacts as in Equation 3.11, or with H202 as in 
Eouation 3.13 . I- 
H. + H202 ---> H20 + OH- Eqn. 3.13 
The OH- produced as in Eqn. 3.13 again reacts with the initial methane reactant to yield 
CH3 - and continues the chain reaction: 
CH4 + OH- ----> CH3* + H20 ....... Ep. 3.14 
3.8.4 Carbon Basic Fuel Combustion 
A simplified route of carbon combustion is that oxygen is first adsorbed onto the surface of 
the solid carbon to form CO; this CO further reacts with oxygen to form C02 which is 
desorbed. Some CO is also desorbed; this reacts with oxygen as before to give C02. The 
processes of adsorption and desorption are repeated, until one of the reactants is exhausted. 
As a consequence amorphous carbon with a large surface area per unit mass such as 
charcoal bums well, whilst crystallised carbon such as graphite does not easily adsorb 
oxygen or bum well. 
In the intake process of the diesel engine, only air is inducted and then adiabatically 
compressed, using a high compression ratio (CR) in the range of 13-22. Into this 
compressed air at temperatures as high as 500-6500C and high pressures (35-42 atm), the 
fuel (diesel fuel oil) with an ignition point of 300-4000C is atomised, giving rise to 
constant-pressure combustion from self-ignition. During this time work is done by 
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expansion, as combustion occurs slower than in SI engines because it is constrained by the 
rate of injection of the fuel. The objectives to be achieved from an internal combustion 
engine are ideally high power and low fuel consumption with low levels of emission of 
pollutants. 
Work done by the engine during one cycle is the product of the chemical energy released by 
the combustion of the ftiel and the thermal efficiency of the engine. Engines are at most 
only 35% efficient and most of the chemical energy is lost as heat, friction and resistance; 
the larger these quantities are, and the higher the rotative engine speed, the more power the 
engine loses. 
At the same CR, the higher the air-fuel ratio and the more air-rich and fuel-lean the 
combustion, the higher the thermal efficiency becomes. However in the case of an Sl 
engine, a slightly higher fuel-rich condition than the stoichiometric mixture (the minimum 
air-fuel weight ratio required for complete combustion of the fuel) enables the chemical 
energy to be effectively utilised to the maximum and brings about maximum power. 
However, the quantity of the pollutants discharged from the engine is considerably affected 
by the air-fuel ratio. Although a fuel-rich mixture maximises power, the engine is generally 
operated under the conditions of air-rich and fuel-lean combustion, especially to prevent 
incomplete combustion, which reduces efficiency and increases pollutant emissions. 
As the CR of the S1 engine increases, various abnormal combustion conditions are 
expected to occur and decrease the thermal efficiency of the engine. Knocldng is a typical 
abnormal combustion condition; it varies considerably with the composition of the fuel. In 
the CI engine, the ignition quality of the fuel is quite contrary to that for an SI engine. Thus 
a ftiel of higher cetane number is required, but which has a low octane number, and is 
readily ignitable. 
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Diesel knock is one type of abnormal combustion behaviour which arises when the speed 
of the Cl engine is incr=ed to gain power. In a low speed engine following the typical 
diesel cycle, ignition occurs almost concurrently with the atomisation of the fuel and leads 
to constant-pressure combustion. In a high speed diesel engine however, because the 
ignition delay (7-30 ms) becomes considerable, a large amount of fuel ignites at the same 
time. This accounts for diesel knock which is produced by high irregular pressure. 
Ignition delay is basically influenced by the ignitibility of the fuel. This is related to various 
phenomena such as fuel atomisation and vaporisation which occur during the few 
milliseconds, and to self-ignition and combustion. The oxidation reactivity is important as 
well as physical properties such as viscosity, heat of vaporisation and surface tension of the 
fuel. 
3.9 Diesel Engine Exhaust Gases 
Complete combustion of hydrocarbons with oxygen in the air, will produce only carbon 
dioxide and water. However in an internal combustion engine (I. C. ) incomplete 
combustion of hydrocarbon fuel occurs, even if excess air is supplied. Hence, soot, 
incomplete oxides of hydrocarbons, aldehydes, carbon monoxide and carbon dioxide also 
form as well as oxides of nitrogen and sulphur. For example S02 and S03 result from the 
combustion reactions of sulphur compounds present in the fuel. The oxides of nitrogen, 
NO and N02 are generated because the nitrogen present in the air reacts with oxygen at 
high temperatures in the engine. 
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3.9.1 Combustion Chamber 
The design of the combustion chamber has a critical effect upon the level of emission of 
exhaust gases. 
Engines which have divided combustion chambers emit smaller amounts of oxides of 
nitrogen than do engines with direct fuel injection. However, engines with direct fuel 
injection, are more fuel-efficient. Careful control of air movement in the combustion 
chamber with respect to fuel sprays promotes the mixing of fuel and air, thereby increasing 
the efficiency of fuel combustion. A sufficiently high temperature is required to reliably 
ignite the mixture, generally in the range of 500 to 6500C. 
3.9.2 Fuel injection 
Start of injection, injection-sequence characteristics and fuel atomisation have an effect on 
toxic emissions of oxides of nitrogen. Over-retarded injection increases the emissions of 
hydrocarbons. Deviation of the start of injection from the nominal value by I' of crankshaft 
angle can increase the emissions of NOx or HC by upto 15 %5 1. This very high sensitivity 
requires that the start of the injection process be precisely set. 
Fuel injected into the combustion chamber after the combustion phase may reach the 
exhaust system unburned, and hence increase the hydrocarbon emissions. Post-injection 
must therefore be prevented. Finely- atomised fuel promotes the mixing of fuel and air, and 
reduces the emissions of hydrocarbons and soot (pýarticulates). Fine atomisation Le. 
generating droplets in the range 20 pm to 110 pm is achieved by high injection pressure 
and the spray orifice geometry. 
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3.9.3 Products of Combustion 
Complete combustion produces carbon dioxide and water. Incomplete combustion 
produces unburned hydrocarbons: CnHm (paraffins, olefins, aromatic hydrocarbons) and 
also partially-bumed hydrocarbons such as CnHm. CHO (aldehydes), CnHm. CO 
(ketones), CnHm. COOH (carboxylic acids) and CO (carbon monoxide). It also produces 
thermally-cracked products and derivative products such as; C21-12, C2H4, H2 (acetylene, 
ethylene, hydrogen etc. ), C(soot) and polycyclic hydrocarbons. 
3.9.4 Main Pollutant Gases from Diesel Engine Exhaust 
The main pollutant gases from the exhaust are; hydrocarbons (uncombusted), incomplete 
oxides of hydrocarbons, C02, CO, soot and NOx as by-products of combustion 
3.9.4.1 Hydrocarbons (Uncombusted) 
Uncombusted hydrocarbon ftiels and low molecular weight hydrocarbons are formed by 
thermal decomposition of fuel. The influence of hydrocarbons on the body depends upon 
their type. Saturated hydrocarbons are not harmful to the human body (although, by 
depressing the oxygen concentration in inhaled-air, they may cause physical asphyxiation), 
but hydrocarbons of low molecular weight may have an anaesthetic effect. This anaesthetic 
effect increases with molecular weight. It has also been reported that long paraffinic 
hydrocarbons as well as aliphatic acids, may promote the formation of cancer. The waste 
gas also contains ethylene (CH2=CH2), which is a factor in photochemical smog formation 
because of its high photochemical reactivity . 
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3.9.4.2 Incomplete Oxides of Hydrocarbons 
The toxicity of the aldehydes and CO, the incomplete oxides of hydrocarbons, are very 
considerable. Aldehydes in the range of 10-100 ppm. are contained in the exhaust gas; they 
are composed of formaldehyde (HCHO), acetaldehyde (CH3CHO), acrolein 
(CH2--CHCHO), and others. 
Formaldehyde irritates the mucous membranes of the eyes in very low concentrations; it is 
also a respiratory sensitiser causing asthma. The sldn and mucous membranes are irritated 
by CH3CHO, and it increases heart activity. When a quantity of the vapour is inhaled, 
asphyxiation occurs temporarily. If the vapour in inhaled for a long time, the number of 
erythrocytes (red blood cells) and leucocytes (white blood cells) decrease. In a 
concentration of 50 ppm, the eyes are slightly irritated. The toxicity is very low compared 
with HCHO. 
Acrolein is considered to be very hazardous. When the vapours of CH2--CHCHO at 
concentrations of 0.5 ppm and I ppm were inhaled in controlled experiments for 2-3 
minutes respectively, eyes and the mucous membranes of the nose were strongly 
irritated52. 
3.9.4.3 Carbon Dioxiýe 
The effects of various C02 concentrations on humans are summarised in Table 3.5 
However, as with all chemical exposures, there is a variation in response between exposed 
persons. Whether the person is at rest or physically-exerted is also a factor. 
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C02 concentration (ppm) C02 % outcome 
5000 0.5 Can be tolerated for 8 hr exposure with no 
symptoms and no permanent damage. 
15000 1.5 Can be tolerated for 10 minutes. 
20,000 2.0 Breathing rate increased by 50%. 
30,000 3.0 Breathing rate increased by 100% 
50,000 5.0 After 30 minutes, vomiting, dizziness and 
disorientation. 
80,000 8.0 After short exposure, headaches, dizziness, vomiting 
and breathing difficulties. 
100,000 10.0 Headaches, dizziness, vomiting, unconsciousness 
and death after few minutes. 
Table 3.5 Reactions of lyl2ical Person to Different CO?, Concentrations in Air 
The levels of carbon dioxide in the atmosphere have been increasing particularly since the 
industrial revolution in the Eighteenth Century. The US. Department of Energy's study 
estimated that from 1850 to 1950 about 60 Gigatonnes (Gt) of carbon dioxide were emitted 
to the atmosphere by burning fossil fuels, and approximately double this amount by 
burning waste and forest clearings. The study showed that by 1981,5 Gt of C02 were 
released annually by burning fossil fuels and the rate of fossil fuel usage was increasing at 
approximately 4% per annum world-wide. At this rate the amount Of C02 released annually 
will double by the year 2030. The increasing quantities of C02 in the earth's atmosphere 
are contributing to the 'greenhouse effed, which seems likely to increase the Earth's 
temperature in the Northern Hemisphere. This raises the prospects of polar ice melting, 
hence flooding of major cities near coastal areas especially when heavy unseasonal rains 
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occur. Global Warming was demonstrated in March 1995 when parts of Holland had to 
have mass evacuation for fear of unprecedented flooding occurring near the coastal areas. 
Other parts of Europe were also affected including Belgium and Germany. Many other 
regions of the world have suffered from rain shortages due to climatic changes, as a result 
of global warming. 
The worlds informed governments recognised that the greenhouse effect could represent a 
major concern to the well-being of the planet and hence, in 1991 the United Nations 
organised a world convention on Climate Change in Rio de Janeiro to address this 
problem. The ultimate aim was "to achieve stabilisation of the greenhouse gas 
concentrations in the atmosphere at a level that would prevent dangerous anthropogenic 
interference with the climate system"53. Governments of 153 countries agreed to take 
action to reduce the emissions of carbon dioxide to their 1990 levels by the year 2000. 
Developed nations agreed to help with resources and technology transfer to help developing 
countries to meet their Convention commitments. 
3.9.4.4 Carbon Monoxide (CO) 
Carbon monoxide is a colourless, odourless and tasteless gas. Inhalation of 0.3% by 
volume can cause death within 30 minutes. At idle, the exhaust gas from the spark-ignition 
engines has a high CO content and, in the absence of adequate ventilation e. g. in a typical 
garage, the concentration can build upto >03 % within 15 minutes. Hence an engine should 
not be started, or run in a confined space. The reactions of a typical person to different 
levels of CO concentration are given in Table 3.6. 
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CO Concentration (ppm) Outcome 
50 Maximum Exposure Limit. 
200 Headache after about 7 hr if resting or 2 hr exertion. 
400 Headache with discomfort with possibility of collapse 
after 2 hr at rest or 45 minutes exertion 
1200 Palpitations after 30 minutes at rest or 10 min exertion 
12000 
Unconscious after 30 minutes at rest or 10 minutes exertion 
Table 3.6 Reactions of Taical Person to Different CO Concentrations in Ai 
Carbon monoxide is one of the most toxic substances found in exhaust gas. Because it 
does not irritate the sldn and mucous membranes, its existence cannot be perceived. The 
binding strength of CO and haernoglobin (Hb) in the blood is 210 times stronger than that 
of oxygen (02). If CO binds to Hb, the function of Hb-carrying oxygen in the body 
decreases. If the linkage between CO and Hb becomes 20%, headaches, dizziness, and 
other toxic symptoms appear and a linkage of 50% leads to unconsciousness. A linkage of 
70% leads to ceftain death. 
3.9.4.5 Particulates (Soot) 
The amount of exhaust soot, i. e. as particulate matter, usually includes all substances 
which under normal conditions are present as solids (ash, carbon) or liquids in the exhaust 
gas. The amount is very small in Sl engines, but becomes relatively large (typically 0.2 to 
0.6 grams/km) in light-duty CI engines. The toxicity of soot is due largely to the presence 
of condensed polycyclic hydrocarbons with high carcinogenic potential e. g. 
benzo(a)pyrene. Exposure to such carcinogenic substances may cause lung cancer because 
102 
their condensates are suspended particles, about 8 pm in diameter with a high permeability 
into the lungs. American studieS54 suggest that emissions of particulate matter, especially 
that under 10 microns in diameter, ftom diesel engines are causing 10,000 deaths a year in 
Britain. The victims are mainly those with heart conditions, and breathing disorders. 
Maximum fuel quantity must be limited per stroke according to intake-air quantity such that 
the engine produces minimum soot. This requires an excess-air factor of 10 to 20 % (A= 1.1 
to 
3.9.4.6 Nitrogen Oxides 
Oxides of nitrogen comprise mainly nitrous oxide (N20), nitric monoxide (NO), nitrogen 
dioxide (N02), dinitrogen tetroxide (N204) and dinitrogen pentoxide (N205). N205 is a 
low melting solid which rapidly decomposes in air to N02/N204. The main nitrogenous 
component of air in the waste gas of a diesel engine is nitrous oxide (N20), but 
immediately the gas is exhausted, NO is oxidised into nitrogen dioxide (N02). 
Nitrogen monoxide NO is a colourless, odourless and tasteless gas. It is rapidly converted 
in air to nitrogen dioxide N02, a reddish-brown, toxic gas with a penetrating odour which 
in high concentrations can destroy lung tissue. There is no question however of such 
concentrations being reached, even in a confined space such as a garage. Both NO and 
N02 are referred to as nitrogen oxides NOx , or'nitrous 
furnev. 
Although NO is not an irritant, it binds to Hb in the blood. The binding strength is about 
100 times greater than that of CO, which is itself substantial, and is about 3 times stronger 
than that Of N02. By the oxidation of NO-Hb in the blood, metheglobin forms, and its 
increase leads to lack of oxygen in the blood and ultimately to damage to the central 
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nervous system. In general, the concentration of NO in the air is less than one-tenth that of 
CO, and the normal levels of it and CO in the human body cause no adverse health effects. 
The gas N02 strongly irritates mucous membranes, is toxic to the bronchi and lungs, and 
influences the formation of metheglobin. The general symptoms of N02 poisoning are 
insomnia, coughing, fast breathing, and corrosion of the mucous membranes. If N02 is 
absorbed into the blood, in serious cases, blood appears in the saliva and after a few days, 
death follows through edema of the lungs. A concentration of 100 ppm N02 quickly leads 
to toxic symptoms after a short time, and a concentration of 200 ppm. quickly becomes a 
danger to life. Reactions of a 'typical person! to different concentrations of NOx are 
summarised in Table 3.7. 
Concentration of NOx 
(ppm in air) 
Outcome 
<60 No effect 
60-150 Can cause irTitation and burning in nose and 
throat 
100-150 Dangerous within 30-60 minutes 
1200-700 Can be fatal within 1 hr 
Table 3.7 Reactions of a Typical Person to different Concentrations of NOx in Air 
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3.9.4.7 Sulphur Oxides and Trace Metals 
Sulphur dioxide and S03 are produced from combustion reactions of the sulphur 
compounds present in the initial fuel used. Although the majority of the sulpur dioxide in 
the atmosphere is produced by coal-fired power stations, the remainder is produced by 
vehicle exhaust emissions. Pollution from sulphur dioxide emissions is said to be 
responsible for more than 1,200 deaths a year costing millions of pounds per year55. Very 
small quantities of metals which are present in lubricants, or from fuel additives e. g. lead 
oxides, lead halogenides are also emitted as pollutants. 
3.9.4.8 Oxidants 
Many different types of hydrocarbons are present in the exhaust gas. In the presence of 
nitrogen oxides and sunlight, they react to form oxidants which irritate the mucous 
membranes. When the emissions come into contact with sunlight, this acts on exhaust-gas 
constituents to produce, organic peroxides, ozone and peroxyacetyl-nitrates. 
3.9.4.9 Benzene in the Exhaust Gas 
Benzene has been known to be a chronically toxic chemical for at least 20 years, but 
opinions differ sharply over whether the levels produced in the air due to motor vehicle 
emissions represent a serious health risk. Wolff56 believes that benzene causes childhood 
leukaemia, and that regional variations of the disease can be accounted for by different 
levels of motor vehicle pollution. However Seaton57, states that benzene levels in British 
air present an exceedingly small risk to health. 
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Benzene and other aromatics are added to petrol to replace lead, itself the subject of health 
concern. A campaign was started in the early 1980's to remove lead. It was believed to be a 
cumulative poison that could damage the health and intelligence of children, although the 
evidence was largely circumstantial. Perry58 considered it a mistake to introduce unleaded 
petrol. before catalytic converters were in wider use to remove benzene. 
Benzene and other aromatics, toluene and xylene, are added to petrol to make it bum more 
smoothly, preventing knocking effects. More of these compounds, are required in unleaded 
petrol, so the effects of the trend towards increased unleaded petrol has been to increase the 
amount discharged. Unleaded petrol generally contains between 3 to 4 percent benzene, 
compared with 2.5 per cent in leaded fuel. 
Benzene reaches the air through the exhaust pipe, and also by evaporation from ftiel in the 
garage and the fuel tank itself Recent research has found levels inside cars much higher 
than those on the street. 
When unleaded petrol was introduced in America in 1973, the US Environmental Agency 
was concerned that the effects would be to increase benzene levels. Most of the medical 
evidence against benzene comes from, exposure in the workplace. A group of more than 
1,100 workers exposed to high levels of benzene in a Goodyear plant for 25 years showed 
nine extra deaths from leukaemia59. 
An Expert PaneI60 on air quality standards concluded that the risks were not perceptible in 
workers exposed to less than 500 parts per billion of benzene in the air. The annual average 
level of benzene in London is less one-hundredth of this level; hence if the assumption is 
correct even assuming that exposure is for a time period some three-times longer, then the 
risk is negligible. 
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As with occupational exposures to air pollutants, it is important to realise that vehicle 
emissions comprise a mixture of the chemicals discussed. Their effects may be additive, 
e. g. in the case of respiratory irritants, or synergistic. Moreover addition, or reaction, with 
pollutants from other sources-and photochemical action-may exacerbate the damage- 
producing potential on the environment. 
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CHAPTER 4 
ENERGY CROPS 
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Chapter 4 
4.0 ENERGY CROPS 
There has been increasing interest in the development of crops for use as 'energy crops' in 
the developed world. In the European Community (EQ apart from the traditional crops, 
some of which have been researched extensively and show good potential6l, new and 
exotic species (Miscanthus Sinensis, Napier Grass etc. ) are being studied. These show 
even greater promise than existing crops (e. g. maize, sugar beet and cereals). However, the 
potential for such novel crop production, and the economic potential of energy crops in the 
EC, is crucially dependent upon the EC Common Agricultural Policy (CAP). 
4.1 EC Common Agricultural Policy (CAP) 
The EC CAP policy was introduced in 1988 to curb excessive food production by farmers 
which resulted in the fiascos of 'butter mountains' and 'excess food mountains' which 
subsequently had to be destroyed or sold cheaply abroad, e. g. to Russia, in order to 
maintain stable market prices in Europe. The policy involved not growing edible crops on 
upto 15% of agricultural land and is known as the Set-Aside Scheme. In the United 
Kingdom in the 1991/92 season 167,000 ha, equivalent to about 5% of the total cereal area, 
was in the Set Aside-Scheme62. In 1993/94,14% of the United Kingdom total cereal area 
was in the Set-Aside Scheme. Buckwell63 stated that in 1992/93 overall in the EC countries 
3.73 million ha. of arable land were set aside across EC states. 
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Figure 4.1 shows the percentage of arable land set-aside in the EC by member States. In 
1994,4.7 million ha (11.6 million acres) of arable land in the EC were set aside. Overall in 
the EC 30-40 million ha of land may be available for non-food production. In the near 
future with the admission of three new countries into the EC (Switzerland, Sweden and 
Austria) and possible entrance of further new members (Turkey, Hungary, Poland, and 
Slovakia) the total land surplus may well be 50-80 million ha64. Current thinking within the 
EC is to use this surplus land for possible energy production crops to avoid surplus food 
production. Figure 4.2 shows the range of payments received in total over the last 6 years 
by each country for Set-Aside Land Scheme. 
4.2 Crop Yield Potential 
Biomass is defined as any organic material composed primarily of carbohydrates and lignin 
in addition to small amounts of oils, proteins and other constituents. It has of course been 
used as an energy source for centuries. Wood and charcoal were principally used. Wood, 
grasses, grains and waste paper are examples of biomass which give bio-energy. Bio- 
energy is defined as the production, conversion and the use of material which is directly or 
indirectly produced by photosynthesis (including organic waste) to manufacture fuels and 
substitutes for petrochemical and other energy intensive products. 
Photosynthesis enables solar energy to be utilised by plants to perform a chemical reaction 
using carbon dioxide and water to form carbohydrates. 
solar radiation 
n C02+ n H20 -- ---- --- --------- > (CH20)n +n 02 
chlorophyll 
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To determine which plants are suitable for possible cultivation as energy crops, the 
efficiency of conversion of solar energy into stored chemical energy is considered. The 
efficiency of photosynthesis in general is very low, typically 0.8% (maize, potato and rice 
in Europe and U. S. A) upto a maximum of 2.4 % for Napier grass variety in El Salvador65. 
Only a fraction of this solar energy is utilised because 94% is lost through reflection or 
dissipation as heat. HaIJ66 states that plants can also only use radiation in the visible part of 
the solar spectrum, between wavelengths 0.4 and 0.7 microns, termed the 
photosynthetically active radiation (PAR) region. Half of the total available solar energy is 
lost for the above reason, and the rest through reflection, and respiration requirements, 8 
quanta of light being needed to fix the CO2. Other losses of efficiency arise because of 
inadequate water supply and competition with weeds. From Hall's calculation only 5.5- 
6.7% of available light remains for photosynthesis. 
To achieve the highest possible energy crop yield, the most efficient plants are those which 
capture the solar energy all year round i. e. perennial plants, and plants free of disease, 
drought or water shortage. The potential dry matter yield from certain plants (i. e. disease- 
free, with ideal soil/water and sun conditions) can in theory be 50-60t ha/yr67. The 
photosynthesis reaction in plants can be carried out in two main ways termed C3 and C4 
pathways. The mechanism of metabolism of plants plays an important role in the final yield 
of the crop. Plants with a C4 pathway (e. g. maize) offer a higher yield potential than plants 
with a C3 pathway (e. g. wheat, sugarbeet, rape, potato). 'C4' refers to plants which have 
an additional pathway for the transport of carbon dioxide in the process of photosynthesis 
as compared to C3. C4 plants are more efficient than C3 plants at higher light intensity and 
temperature. 
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The Ideal Energy Fuel Crop Requirements are as folloWS68 
1) Dry harvested material for efficient use. 
2) Perennial growth to minimise growing costs and lengthen the growing season. 
3) Good disease resistance such as exhibited by Grwnineae. 
4) Efficient conversion of solar radiation to biomass energy; therefore crops with a 
prolonged leaf canopy and the C4 photosynthetic pathway69. 
5) Efficient use of nitrogen fertiliser and water such as exhibited by perennials and C4 
pathways specieS70. 
6) Yield close to the theoretical maximum of 55-60t/ha/year dry matter for C4 and 
33t/ha/year dry for C3 species. 
Although of the current crops only maize utilises the C4 pathway, the yield is constrained 
by the short growing season. Cereals currently grown have shown an annual yield of 
20t/halyear dry matter, including grain and straw, with a high input of fertiliser and 
pesticides. More realistically a dry matter yield of 14/ha/yr can be expected in less 
favourable conditions. 
4.3 Miscanthus Sinensis 
Miscanthus sinensis is a woody, perennial grass related to the sugar cane; it possesses the 
C4 pathway of metabolism. It produces annual shoots which grow to about 4m tall and 
about 100mm in diameter and which appear similar to thin bamboo canes. The foliage dies 
at the end of the growing season and is suitable for the harvest at a high dry matter content 
in the late winter period (February-March). Fresh shoots appear from the rhizome networks 
in April. Following the establishment (using rhizome cuttings or micro-propagated plants) 
at a plant density of I to 4 plants per m2, the rhizomes spread until full crop cover is 
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reached. Full yield potential is achieved in the third or fourth year. Miscanthus fulfilled all 
five characteristics of the 'The Ideal Energy Fuel Crop Requirements'; the sixth, the yield 
was reported to be fulfilled according to data obtained from Denmark7 1. 
4.3.1 Reported Yields 
The reliable reported yields of miscanthus grown in Europe have shown that 11.7 to 
25.3t/ha/year dry matter have been achieved72n3 and in Denmark as high as 44t/ha/ year 
dry Matter74. Recent work in Germany has shown miscanthus yields of 18t/ha/yr dry 
matter and yield in the fourth year is expected to be in excess of 25t/ha/year7s. 
One disadvantage of miscanthus is the cost associated with its initial establishment. It may 
be planted by rhizome cuttings or by utilising micro-propagation. Both these systems are 
expensive and can cost from f6,000 to E10,000 per ha. A proposed method of reducing the 
cost is to develop genotypes that produce fertile seeds. 
The market for fuel crops has been stimulated particularly by the EC policy of set-aside. 
Artificially-favourable prices are also available under the NFFO (Non-Fossil Fuel 
Obligation) for energy generated from non-fossil fuel. From present research, energy 
produced from energy crops will always be more expensive in relation to current energy 
produced from fossil fuels. However, taking other factors into account such as balance of 
payments, creation of employment and environmental pollution the option of energy from 
crops appears more attractive. 
4.4 Conversion Of Biomass Crops To Energy Fuels 
Different processes are used in order to convert biomass crops to useful energy fuels . 
These processes are shown in Figures 4.4 and 4.5 
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4.5 Wood as an Energy Resource 
It has been recorded that some 720,000 tons of charcoal (85% made from wood) were 
produced in 1976 in the U. S; this was used primarily in residential applications76. There 
are many different wood fuels. Figure 4.4 illustrates thermochemical conversion, products 
and uses of biomass e. g. wood. Charcoal is, the premier wood fuel. It is followed, in 
descending order by dry softwood material (e. g., pellets, planer shavings), air dried 
hardwood, as-received hog-fuel, spent liquor where the energy rich lignin is concentrated, 
and ultimately as-received bark. In the fuels listed above, heat content varies from 20416 
kJ/kg for charcoal (with 1.5% moisture content) to 6960 kJ/kg for bark (with 67% 
moisture content). Sulphur and ash in the fuels range fi-orn negligible to very significant. 
4.5.1 Wood as a Combustible Fuel 
Wood fuels vary by tree species and wood material (e. g., cell walls or bark), but these are 
not an important parameter in determining the energy value of wood materials. The 
chemical composition is of critical importance. Wood is a composite of three basic 
polymers: cellulose (C6HI005), lignin (CqHl003(OCH3)0.9-l. 7), and the 
hemicelluloses such as xylan (C5H804). Added to these materials are extractives and 
minerals ash. 
4.5.2 Calorific Value of Wood 
Two ways are used to express the calorific value. The gross calorific value, also known as 
the higher heating value (HHV), measures the heat given off to the surroundings plus the 
heat absorbed to vaporise the water produced. Most species of wood have a gross calorific 
value of 20 MJ/kg for oven dry wood§. The net heating value, also known as lower 
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heating value (LHV), is the total amount of heat released during combustion, excluding that 
which vaporises the water. The net calorific value of oven dry wood is usually taken as 
18.8 MJ/kg. 
4.5.3 Wood Composition and Heating Value 
In general, hardwoods contain about 43% cellulose, 22% lignin, and 35% hemicelluloses. 
Softwoods (such as poplar and eucalyptus) contain about 43% cellulose, 29% lignin and 
28% hemicellulose77. The specific compositions of seven species of the North American 
woods, and their energy contents, are presented in Table 4.1 . As species vary in 
composition, so do parts of the tree itself. Further, residues such as bark, sawdust, planer 
shavings and spent pulp liquor, vary in energy value and chemical composition. 
The different chemical compositions result in varying heat contents for various wood fuels. 
Holocellulose (cellulose and hemicellulose) and lignin offer significantly different heats of 
combustion; 17560kJ/kg for holocellulose and 26632kJ/kg for Douglas fir lignin78. The 
extractives also contain high energy contents, sometimes approaching 34800 kJ/kg. As 
shown in Table 4.1 , there is some association between the lignin (Figure 4.6) content and 
the energy value. This association is to be expected and supports the general statement that 
as the lignin and extractives content of wood species rise, so does the higher heating value 
of the fuel produced. 
The following terms are generally accepted for various moisture content of biomass; 
Bone-dry =0% moisture. 
Oven-dry =8% moisture 
Dry (air-dry) 20% moisture. 
Green around 50% moisture 
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Tree Species Cellulose(%) Ugnin(%) Hemicellulose (%) Energy kJ/kg 
Beech 45.2 22.1 32.7 19620 
White birch 44.5 18.9 36.6 1933 
Red maple 44.8 24.0 31.2 19488 
Eastern white cedar 48.9 30.7 20.4 19488 
Eastern hemlock 45.2 32.5 22.3 20613 
Jack pine 45.0 28.6 26.4 20718 
White spruce 48.5 27.1 . 21.4 20625 -j 
Table 4.1 Association of LigLiin Content And Energy of Seven Species of North American 
Woods" 
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The composition of wood determines both its heat content and the mechanisms via which 
useful energy is released from it. All wood combustion and conversion begins with 
pyrolysis. In pyrolysis holocellulose principally promotes the release of volatiles while 
lignin, which also releases volatiles, primarily promotes char formation. The volatiles 
produced bum directly in flaming combustion or provide wood gas. The char oxidises in 
glowing combustion, is used as charcoal, or is gasified. 
A more traditional approach to the evaluation of combustible fuels employs the ultimate 
analyses of the candidate material. These analyses may or may not include ash: they may or 
may not include moisture content. Ultimate analysis can be employed to evaluate charcoal 
fuels as well as wood material per se. 
Table 4.2 presents the ultimate analyses of numerous wood fuels on a dry weight basis. 
The energy/mass values presented are higher heating values. These data demonstrate 
generally that wood is a highly-oxygenated fuel with about two-thirds the energy content of 
coal. Softwoods generally contain more energy than hardwoods on a dry-weight basis due 
to higher lignin (hence carbon) content plus the presence of more resins in the extractions. 
The ultimate analyses shown in Table 4.2 suggests some correlation between carbon 
content and higher heating value. This has been demonstrated by Shafizadeh80, who 
concluded that for such solid fuels a mutual cancellation minimises, or eliminates, the 
influence of hydrogen and oxygen. In general, then, the higher heating value of wood (on 
an oven-dry basis) is approximately 20880 kJ/kg. Variations in this value result fi-om the 
lignin content and to a lesser extent extractives content, or the carbon content of the fuel. 
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4.5.4 Comparison of the Heating Value of Wood to other Combustible 
Fuels 
The previous discussion presented a general analysis of the heating value of wood. 
However, to make ftniher conclusive statements concerning the position of wood within 
the class of combustible fuels requires a comparative evaluation to be carried out. It is here 
that the comparison of biomass energy with fossil energy becomes important. It is also in 
this process that the ultimate analyses of fuel becomes critical. 
Table 4.2 also presents 15 ultimate analyses of fuels from dried sludge to Utah bituminous 
coal. In higher heating value (dry weight basis) they range from 4735kJ/kg to 33447 
kJ/kg). Ash contents vary from 1.0 to 71.4% and oxygen contents range from 4.9 to 
51.2%. All analyses were obtained from literature cited8l. 
Bagasse and municipal waste are employed as waste ftiels. Among the wastes now 
combusted for energy purposes, they are the most frequently used materials other than 
wood. From Table 4.2 it is clear that wood is the transition material between wastes and 
fossil ftiels. However, there is more similarity between wood and the wastes than between 
wood and coal. 
It should be noted that the values for wood and coal presented in Tables 4.2 and 4.3 can be 
anticipated from an investigation of the process of coal formation. An insight into the 
decomposition of holocellulose and lignin, at different rates, and the subsequent formation 
of charcoal is offered by Gore82. 
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Ultimate Analysis (Dry weight basis) 
Fuel Material C 
(%) 
H 
(%) 
0 
(%) 
N 
(%) 
S 
(%) 
Ash I 
(%) 
Energy 
kJ/kg 
Utah coal 77.9 6.0 9.9 1.5 0.6 4.1 32890 
Pittsburg coal No 1 75.5 5.0 4.9 1.2 1 3.1 10.3 31683 
Pittsburg coal No 2 73.3 5.3 10.2 
I 
0.7 2.8 7.6 30399 
Wyoming coal 70.0 4.3 20.2 0.7 1.0 13.8 33447 
Douglas fir bark 56.2 5.9 36.7 ' 0.0 0.0 1.2 22050 
Wood 52.0 6.3 40.5 0.1 0.0 1.0 20890 
Pine bark 52.3 5.8 38.8 0.2 0.0 2.9 20379 
Bagasse 47.3 6.1 35.3 0.0 0.0 11.3 21215 
Raw sewage 45.5 6.8 25.8 2.4 0.5 19.0 16433 
Bovine Waste 42.7 . 
5.5 31.3 2.4 0.3 17.8 17129 
Rice hulls 38.5 5.7 39.8 0.5 . 0.0 15.5 15342 
Rice Straw 39.2 . 
5.1 35.8 0.6 0.1 19.2 15180 
Municiple Solid Waste 33.9 4.6 22.2 0.7 0.4 38.0 13102 
Paper mill sludge 30.9 . 
7.2 51.2 0.5 . 0.2 10.2 12418 
Sewage sludge 14.2 
1 
2.1 
. 
10.5 1.1 
1 
0.7 71.4 4735 
Table 4.2 Ultimate Analysis of 15 Bioma s Fuels 
Fuel Densi 
kgImy 
EnergyNolume, 
kj/m3 
Bituminous coal 
- 
833.04 25431 
Charcoal 244.31 7377 
Hogged ftiel 288.36 6036 
Bark 384.48 8187 
Bagasse 80.1 1676 
Municipal Waste 160.2 2103 
Table 4.3 Heating Value for Selected Fuels (Diy weight basis) 
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4.5.4.1 Other Elements and Compounds 
While energy/m3 provides one approach to rating the affinity of transition fuels to waste or 
primary fuels, a discussion of the other elements and compounds contained in each fuel 
provides more conclusive results. The materials considered here are those which either 
cause pollution or directly impair the heating value of fuel. These include not only the 
traditional pollutants considered in the discussion on fossil fuels but also, separately, 
moisture. Water reduces the heating value and can contribute to pollution control problems. 
4.5.4.2 Potential Pollutants Analysis 
Traditionally, sulphur and ash comprise the principal impurities in combustible fuels. The 
sulphur on combustion forms S02 which is a pollutant in its own right. It can also combine 
with rain to form sulphurous acid, or transform in the atmosphere into other potentially 
dangerous compounds. On a fixed installation the ash results in the release of particulates 
via the stack. These pollutants can be controlled by devices such as stack scrubbers. All 
such installations, however, reduce the efficiency of given energy utilisation operations 
(e. g., a power plant). 
The ultimate analyses presented in Table 4.4 show wood to be very low in sulphur and 
ash. For the eight selected fuels presented, wood fuels have virtually no sulphur content 
and also have very low ash content . These values demonstrate that wood combustion is 
essentially pollution free in relation to S02, although some particulate control measures are 
needed. The ultimate analyses in Table 4.4 show other solid combustible fuels to be in a 
less favourable position. 
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Coal, for example, can have sulphur contents ranging from 0.6% to 3.1 %; Illinois coal can 
have 5%+ sulphur, creating significant S02 control problems. From earlier Table 4.2 the 
ash content of different coals varies from 4.1 to 13.8% . Lignite coals from North Dakota 
and Texas are even higher in ash content. Also in Table 4.2 the waste based fuels are low 
in sulphur. Ash content is a serious problem, as all waste fuels usually contain in excess of 
10% inorganic matter. Table 4.2 shows municipal waste has 38.0% ash and sewage sludge 
71.4% ash hence they present the most severe problems. 
From the point of view of controlling formation of S02 and limiting the release of 
particulate matter, wood is more desirable than any of the other solid fuels. In a time of 
environmental consciousness, this advantage is a compelling attraction for the premium 
biomass energy source. 
4.5.4.3 Moisture analysis 
Wood does suffer from the disadvantage of the presence of moisture in significant 
quantities. Fresh wood may contain upward of 2ý % to 55 % H20 (weight %, total material 
basis). Moisture, more than any other single variable, segregates the class of wood fuels 
into the distinct and separate types identified in the introduction. Moisture content 
significantly influences the net heating value of wood ftiels. The influence of water on 
ignition is as serious as its influence on net energy content. 
Shafizadeh83 has given possibly the best explanation of the influence of moisture on heat 
release and heat of pre-ignition. Because the influence of water is so significant, it is 
essential to determine the average moisture content of wood fuels. 
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The problem of high moisture content is common to all biomass fuels in which it ranges 
from 20% to 50% or greater among municipal waste, crop waste, feedlot waste 
categorieS84,85 . Thus wood is in a disadvantageous position with respect to coal. Further, 
it has no particular advantage when compared to other biomass fuels. This stands in stark 
contrast to the previous analysis of carbon content (dry weight basis) and pollutant content. 
It is perhaps the dominant factor explaining the proximity of wood to wastes, as opposed to 
coal, in total energy value. 
The inclusion of moisture content into the ultimate analysis data is very useful. It highlights 
critical comparisons which must be made when determining the relative positions of the 
numerous wood fuels in the total family of fuels. Wood fuels, such as charcoal and, to 
some extent, pellets are virtually equal in energy content to solid fuel such as coal . Other 
wood fuels, as received by those who would use them directly, are less desirable than coal 
but far more useful than waste materials. They are less concentrated than coal, and the 
presence of oxygen and water in them significantly reduces their carbon content whilst 
presenting operational problems. However these fuels are, except bark, generally higher in 
carbon content than other biomass fuels and pose less problems for the user. Thus, they 
hold a position in the middle of the fuel spectrum, between coal wastes and coal. 
Depending upon the degree of processing, they may show proximity to either competitor. 
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4.6 Combustion of Wood 
Recovering the energy value from wood usually involves either direct combustion or 
conversion to gaseous or solid fuels followed by combustion of those energy products as 
illustrated in Figure 4.5 . In either case the process begins with pyrolysis, which drives off 
the volatiles from the wood which, when reacted with oxygen, bum in flaming 
combustion. In conversion, a pyrolysis reactor is possibly followed by more conversion 
systems and then by combustors. 
Three basic approaches exist for complete combustion of wood: (i) the Dutch oven, (ii) the 
spreader-stoker, and (iii) the fluidized bed combuster. Each system seeks to achieve 
complete oxidation of volatiles plus the fixed carbon in the wood ftiels. The reactions 
detailed in Table 4.5 are used to oxidise the char. When reaction (2) occurs, it is followed 
by reaction (3) to convert the carbon monoxide into carbon dioxide and complete the 
oxidation process. 
Reaction Molecular heat of 
reaction (kJ/mol) 
(1) C+ C02 97.65 
(2) 2C + 02 2CO 58.80 
(3) 2CO + 02------>2CO2 136.40 
Table 4.5 Combustion Reactions of Wood Fuels 
The three combustion systems seek to maximise the oxidation processes whilst providing 
(i) flexibility of furnace operations, (ii) wet fuels handling, and (iii) pollution control of 
stack gas emissions. 
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4.6.1 Combustion Efficiency of Wood Fuels 
A standard combustion efficiency for pulverised coal is quoted as 80-85 %. A similar range 
can be cited for natural gas and fuel oil. The combustion efficiency range cited for wood is 
67-72%. A comparable steam-raising efficiency for municipal waste combustion 
(incineration with heat recovery) is about 55% (52-58%)87. For many of the low carbon 
content wastes (e. g. sewage sludge at 20% solids) the heat released by combustion about 
equals the energy required to vaporise the water content88. Thus wood, which is normally 
combusted at 67-72% efficiency, is a highly useful ftiel. 
In the past, wood was burned directly, converted into charcoal, or converted into producer 
gas. With the advent of cheap petroleum and natural gas however, such systems fell into 
disfavour and were ultimately abandoned. Today there is a rediscovery of this approach to 
recovering the energy values from wood. A new conversion industry is in its infancy in 
order to meet the needs for a broader supply of fuels. 
There are several generic approaches to conversion (See Figure 4.4 and Figure 4.5): 
pyrolysis, gasification, hydrogenation, enzymatic hydrolysis followed by fermentation, 
and anaerobic digestion. Pyrolysis yields several products in solid, liquid, and gaseous 
form. By the process of pyrolysis of wood, charcoal is most commonly obtained. This is 
discussed in more detail in Chapter 5. 
4.7 Biomass Forestry 
The earth has a surface land area of 133 million Ian2. Obviously, not all of this land is 
suitable for growing of cropS89 and currently land usage is approximately as shown in 
Table 4.6. 
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Land use Pattern Area (x106 lan2) 
AgricultuM 
Cultivation (crops/residues) 15 
Pasture/Grazing 40 
Forestry: 
_ 
Closed Forests 29 
Open Woodlands II 
-Tjd&, a 1 
95 
Table 4.6 Global Land Utilisation 
Many different biomass options are under consideration for future potential development 
benefits. Amongst these are forest wastes, and energy plantations of new or genetically- 
improved plant species. Another development is the use of marine and freshwater 
cultivation of various algae on a large scale, the algae then becoming available for use as 
biomass albeit with a relatively high initial moisture content. 
Over the years planting of crops for energy has been attempted in many different countries. 
One of the earliest experiments was the six hundred eucalyptus plantations which supplied 
wood to the 200 mile Paulista Railroad built to serve Sao Paulo in Brazil. The tree 
plantations supplied wood to fuel the steam locomotives from 1903 to 1958, when the 
engines were replaced by diese190. 
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4.7.1 Short Rotation Forestry (SRF) 
Short Rotation Forestry (SRF) has been proposed, in order to maximise the yield and 
growing times, and minimise the labour costs, of growing energy crops. In ordinary 
forests the normal forest cycles can be 30 to 80 years. However trees that grow very fast in 
the first five years, can be cropped every two to four year cycles. Tree crops such as 
poplar, sycamore, alder and eucalyptus can sprout from their stumps, hence saving 
considerable amounts in replanting costs. Biomass crops can be used in a variety of ways, 
as shown in Figure 4.5. Charcoal can be made using kiln types as in Table 5.1. 
The general advantages of Short Rotation Forestry (SRF) are; 
1) The products will be largely be sulphur-fi-ee. 
2) The feedstock is renewable. 
3) The production of raw material will not drastically disturb the land. 
4) The crop production and use will not adversely affect the global 
thermal or carbon dioxide balance. 
5) The products are relatively non-polluting. 
6) The residues are recyclable. 
The advantages of Short Rotation Forestry (SRF) in particular are: 
Higher yields per unit of land, 
Quicker return on investment 
Improved harvesting efficiency through mechanisation and 
Higher labour productivity. 
The disadvantages of Short Rotation Forestry (SRF) are; 
High establishment management costs in the first year. 
Because the plants are monocultures disease and infestation are higher. 
Large areas of land needed. IQ? 
4.7.1.1 Yields of Short Rotation Forestry (SRF) 
In order for SRF (Short Rotation Forestry) to be economically attractive, the maximum 
yields of present species need to be obtained. 
Tree type Location Yield (dt/hýr) 
Amer. sycamore Georgia 10-25 
Red alder British Colombia 37 
Hybrid poplar Pennsylvania 10-22 
Hybrid poplar Wisconsin 1 17 
Table 4.7 TVical Yields from Potential SRF Tree Tnes (h1orth AmeriCa)88 
Factors affecting species yield include climate, and the availability of water and nutrients. 
Calculations show that a 150 MW thennal power station in continuous generation, with a 
conversion rate of 35% producing 20,000 kWh will require 65,000 ha at 10 dry tonnes per 
ha per year. 
For SRF to be worthwhile, the energy obtained from the products of SRF must be 
significantly greater than that put in. S iren9l (1976) calculated that for Swedish conditions 
an energy input balance of 3 or 4: 1 is required. 
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Management factors Energy input per ha/yr in kW/hr 
Production of cuttings 40,000/ha 400 
Fransport 2000 
Drainage, soil preparation, establishment 16000 
Fertiliser and application 700 
Application/control of water 700 
Harvesting operations 400 
Processing and drying of crops 2000 
Energy loss due to production failure 2200 
Total 
24400 
Table 4.8 SRF Plantation in Sweden. Energy Input Eguivalents 
From Table 4.8 the input energy consumed per ha per year is 24,400 kWh/ha/yr which is 
equivalent to 12 m3 of dry wood; with an average density of 0.4t/m3 this equals 4.8 dt 
weight. Therefore, to gain any energy, more than 4.8 dt/ha/yr92 have to be produced with a 
practical yield of 15-18 dt/ha/yr. Ratios must hence be 3 or 4: 1. To further improve the 
ratios, energy inputs have to be lowered and/or higher yields obtained. 
Kemp and Szego93 state that the total energy requirements of the United States could be 
met by energy plantations covering some 65 million ha converting solar energy at 0.4 
percent efficiency. This land is available as unmanaged forestry, range and scrubland 
cuffently not used. 
In Europe, Sweden and Ireland are prime candidates for the development of energy 
plantations because of their large land to people ratios (e. g. Sweden has 0.052 km2 per 
person, Ireland has 0.02 km2 as compared to UK which has only 0.004 km2 per person) 
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and ideal soil and rainfall conditions. Norway also has the required land and climate with 
strong forestry traditions, the skills of which can be used for energy plantations. 
Much work has been done on coppicable species including sycamore, sweetgum, alder, 
locust, maple eucalyptus and poplar hybrids. Of non-coppice species, pine and mesquite 
are members of the leguminosae and have the ability to fix nitrogen from the air. Thus they 
are self-fertilising and require no additional fertilisers. They show most potential because of 
the associated savings in energy costs . 
4.7.1.2 Biofuels Energy Balances 
Bio-ethanol is regarded as a competitor to bio-ultracarbofluid; therefore production of bio- 
ethanol is briefly reviewed. The energy balances for ethanol are based on " Study of the 
Environmental Impacts of Large Scale Bioethanol Production in Europe"94, and shown in 
Table 4.9. 
Products t/ha/yr 
ex Field 
Grain 6.7 
Harvested straw 5.0 
Total Biomass 11.7 
(b) 
ex Process Plant 
Ethanol Poduced (2,4901) 2.0 
_DDGS 
produced 2.3 
Table 4.9 Wheat to Ethanol 
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Energy Input Gj/ha 
Agrochemicals 15.1 
Fuel for Farming 4.6 
Fuel for Transport 0.7 
Process Energy 24.7 
Drying Energy 14.9 
Total 60.0 
Energy allocated to DDGS 21.2 
Energy allocated to Edmol 38.8 
Total 60.0 
Energy Outputs 
Energy content of DDGS (12.6GJ/t) 29.0 
Energy content of ethanol(26.5GJ/t) 53.0 
Total 82.0 
Table 4.10 En= Input/Energy Output for Wh 
[The DDGS (Dried DistIlers, Grains with Solubles) is used as an animal feed and is 
therefore an energy product. ] 
Table 4.10 shows the energy input and energy output for wheat. The total energy has been 
allocated between the two products on the basis of energy content. The harvested straw has 
an energy content of 11.9 GJ/ha. Use of straw to fuel the wheat to ethanol conversion 
process, including drying, would reduce the fossil energy to 20.4 GJ/ha, or about 25% of 
the total energy in the DDGS and ethanol products - 
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4.7.1.3 Conversion of Sugar Beet to Ethanol 
Table 4.11 shows the results of a study of energy balances in converting sugar beet to 
ethanol. The total energy has been allocated between the beet pulpNinasse and ethanol on 
the basis of product energy content and an energy content of only 2.1 GJ/tonne. However 
this material can still be used as animal feed with an effective energy content. 
Products t1ha 
_(a) 
ex Field 
Beet 60 
(b) ex Process Plant 
Beet tops 48 
Beet pulp 3 
Vinasse 1.1 
Ethanol 4.7 
Energy Inputs GJ/ha 
Agrochemicals 17.5 
Fuel for Farming 7.7 
Fuel for Transport 4.3 
Process Energy 70.4 
Drying Energy 34.3 
Total 
Energy allocated to pulp/vinasse 39.5 
Energy allocated to Ethanol 94.7 
Total 134.2 
Energy Output 
Energy content of beet pulp/beet vinasse (12.6 GJ/t) 51.7 
Energy content of Ethanol (26.5GJ/t) 124.0 
Total 175.7 
Fable 4.11 Sugar beet to Ethanol 
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4.7.1.4 Rape Crop Energy Balance 
Table 4.12 shows the energy balance for the production of rape crop. The analysis is based 
on the data prepared by Shell of France, with the same assumptions as to energy 
equivalents of agrochernicals as in the " Study of the Environmental Impacts of Large Scale 
Bioethanol Production in Europe". 
Products t/ha/yr 
(a) ex Field 
Iýape Seed 3.1 
Straw 6.0 
(b) ex Plant 
Rape Methyl Ester 1.2 
Rape Seed cake 1.9 
Glycerine 0.1 
Energy Inputs 
Agrochemicals 14.1 
Fuel for Farming 4.0 
Fuel for Transport 1.1 
Crushing 3.9 
Esterification 2.5 
Methanol 4.0 
Total 29.6 
Energy allocated to the Cake 12.1 
Energy allocated to the Glycerine 1.0 
EnMy allocated to RME 16.5 
Total 29.6 
Table 4.12 Energy Input/En=y Quiput for Rape Cro_ 
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Table rnntiupd from nrevious nape. 
Energy Output tlha/yr 
Energy content of Cake (l7.4GJ/t) 33.1 
Energy content of RME(37.4Gj/t) 44.9 
Total 
I 
ZLI 
Methanol is assumed to have an energy content of 19.9GJ/tonne at 60% conversion from 
natural gas i. e. energy input of 33.2GJ/tonne methanol. 
The energy input was allocated to glycerine on the basis of mass yield and then divided 
between RME and Rape Cake on energy content. The straw has an energy content of 11.9 
GJ/t, equivalent to over 70 GJ/ha and could be used as a solid fuel to further improve the 
energy balance. 
From the previous energy input/output tables it is clear that the biomass yields far higher 
output energy than the input energy required. Therefore for ftiture sustainable processes, 
obtaining energy fi-om biomass can be a practical solution. 
4.8 The Position and Role of Wood Fuels in Other Nations 
While the role of wood as an energy source is significant but fairly limited in this country 
and other developed countries, it is larger in the developing economies of the world. In 
Brazil, for example, pulp production is expected to rise from 1.83 x 106 to 35.8 x 106 
tonnes by the end of this century. 
Increased utilisation of wood in the West appears to depend on political and environmental 
considerations rather than real economics. 
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Chapter 5 
5.0 CHARCOAL CHEMISTRY 
5.1 Charcoal 
Charcoal has a number of significant uses in the developed world. Charcoal lumps are very 
commonly used as the fuel in barbecues. Charcoal is used in the electronics industry in a 
process to produce pure silica for computer chips. It is also used in metallurgical processes 
to reduce metals such as copper, zinc and lead. 
However, the largest market is for activated charcoal i. e. following treatment to increase its 
adsorptive power. Activated charcoal is produced by heating charcoal in an atmosphere of 
steam or carbon dioxide to a temperature in the range of 750-9000C. This drives-off any 
residual volatiles and creates a finely-porous charcoal with a very large internal surface 
area. This is in the range 200-2000 square m2/g, compared with 1-2 m2/g for ordinary 
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charcoal. About 3 tonnes of ordinary high quality charcoal is required to produce one tonne 
of activated charcoal. 
The uses of activated charcoal include filtering-out organic substances from liquids or 
gases. It is used in industry for solvent vapour recovery and odour removal. Since 
activated charcoal can remove organic substances from water and other liquids, one 
common use is in the purification of water. 
5.1.1 Charcoal as Fuel 
In many developing countries charcoal is of major importance. The advantages of cooking 
with charcoal are that it is a clean burning fuel, and requires minimum preparation. Because 
of the reduction in volatiles the proportion of potential carcinogens in the combustion 
products is lower than with e. g. coal. Charcoal bums easily and consistently emits very 
low amounts of smoke and has nearly twice the energy content of wood. Therefore, for a 
given energy stock, charcoal occupies less storage space than wood. It is also ideal for 
storage since it does not rot or suffer attack by termites, a particularly important 
consideration in tropical countries. It is an ideal fuel for street vendors in these countries. In 
the developing countries, charcoal is mainly used in the cities since in rural areas wood is 
usually obtained free of charge from the locality. 
5.1.2 Industrial Uses 
For centuries charcoal has been used in industrial enterprises ranging from small cottage 
workshops to large steel smelting industries. Brazil uses large amounts of charcoal as 
industrial fuel and until the early 1950's Japan was a heavy domestic and industrial user of 
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the fuel. In 1950, Japan produced over 2 million tonnes of charcoal but this had declined to 
361,000 tonnes by 196895. 
Florestal and Acesita96 calculated the amount of charcoal used by the steel industry in 
Brazil at 4.1 million tonnes in 1982. In addition the cement industry of Brazil used another 
270 000 tonnes97. The true amounts are probably much higher as these figures are 
Brazilian Government figures and so exclude the black-market which is substantial in 
South America. 
5.1.3 Gas Producer Units 
During the oil crisis of the 1970's, many alternative fuels were considered for the 
combustion engine. One such technology was the World War 11 gas producer units fuelled 
by wood/charcoal. This technology involves heating either wood or charcoal to produce a 
combustible gas inside a closed vessel, to power an internal combustion engine in 
automotive or stationary power units. 
A number of gas producer units were made in Brazil of which the Siquieroli Company 
manufactured the most commercially successful model. However, even in their most 
successful year, 1983, only about 650 units were sold. 
In the Philippines in the late-1970's it was anticipated that, by using the gasifier technology 
for powering automotives, boats and irrigation motors, the country could save a total of 34 
million barrels of oil per year. This would have required about 7 million tonnes of charcoal. 
However, due to the low cost of fuel on the world markets, and many technical 
problemS98, the number of gasifier units in the Philippines was only around several 
thousand. Therefore, with the current relatively low price of oil, the future prospects for the 
gasifiers looks bleak. 
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5.2 Charcoal Production 
Charcoal can be made from most organic materials, but wood, straw, coconut shells, or 
rice husks are the most common raw materials used. In the developing countries very little 
of the science of making charcoal is known to those who produce it; rather their skills are 
passed-on from generation to generation and the operators learn from experience. 
The range of equipment in use for charcoal production, and its operating performance, are 
surnmarised in Table 5.1. 
Kiln type Annual 
Production 
charcoal tonnes 
Initial 
Investment 
$US 1986 
Lifetime of 
Device 
(Yrs) 
Wood 
consumption' 
per tonne charcoal 
Energyl, 2 
Efficiency 
FArth Pile Various zero ONE FIRING 8-12 17-25% 
Pit kiln Various <200 2 Years 7-8 25-29% 
Portable Metal Kiln 72 1000 3 Years 5-7 29-40% 
Brick Kfln (Brazil) 150 800 5 Years 5.7 35% 
Concrete Un 
(Missouri type) 
310 2-10,000 7 Years 5 40% 
Continuous Retort 20,0 0 2,000,000 
1 
30 Years 3.5 
1 
57% 
1 
Table 5.1 Kiln TyW for Charcoal Production and Various Parameters 
1 The figures are approximate and depend on many factors, such as wood type, 
moisture content and operating conditions. 
2 Energy content of charcoal as a percentage of energy content of wood. Charcoal 
is assumed to have double the energy content of wood. 
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There are many different methods of making charcoal, however two of the most common 
are the kiln and retort processes (Table 5.1). The kiln process is used mostly in poor 
developing countries, where little or no capital outlay is required beforehand and low cost 
is essential. Part of the wood for charcoal making is used as fuel for the initiation of the 
combustion reaction. Although air (oxygen) is required to initiate the process, once the 
combustion reaction has started the air is excluded by sealing all openings. Since no air is 
present for the reaction of turning wood into charcoal, the process is essentially different 
from combustion. The term carbonisation is more accurately used. 
The retort process is mostly used in the West. Wood is placed inside a sealed container and 
the heat is regulated and supplied from the outside. The carbonisation process is the same 
as in the kiln method. 
In both of the above methods the chemical processes appear to be very similar and three 
different distinct phases are identified; drying, pyrolysis and cooling. These are discussed 
below. 
5.3 Chemistry of Charcoal Production 
All the charcoal production processes have a similar underlying chemistry and this is 
described in more detail in the following sections. 
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5.3.1 The Drying Phase 
The wood is placed inside the retort or kiln and ignited. Although the wood is oven dry, it 
still contains water which has to be released. The water is released in two stages. First the 
free water in the pores of the wood is expelled while the temperature remains at about 
11 OOC. The higher the moisture content of the wood, the longer this stage takes and the 
more the energy consumed. Once all the water fi-orn the -pores has been released the 
temperature rapidly rises to 150OC; in the kiln the water is released in the form of vapour. 
Here the remaining water which is tightly bound or adsorbed into the cellular structure of 
the wood is released while the temperature rises upto 2000C. 
5.3.2 The Pyrolysis Phase 
After all the water has been released, the temperature of the wood rises to 280OC; at this 
stage the pyrolysis reactions begin to occur. During pyrolysis the constituents of wood, viz 
cellulose, hemicellulose and lignin are ftuther broken down in a complex series of chemical 
reactions to give pyrolysis products. Most of the pyrolysis products are in the form of gas 
or vapour, termed volatiles. An indication that the pyrolysis phase is proceeding is that due 
to the presence of volatiles, the white smoke emitted turns to a dark colour. 
Once the process of pyrolysis begins the heat required to maintain the reaction is very much 
less than to drive the water off in the drying stage. Hence, the process of pyrolysis is 
believed to be strongly exothermic". 
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5.3.3 The Cooling Phase 
At the end of the pyrolysis reaction the temperature begins to fall steadily. The amount of 
dark smoke emitted decreases and eventually ceases. The kiln or retort remains fightly 
sealed, in case any air enters and re-ignites the charcoal resulting in useless combustion 
products. The temperature of the charcoal is allowed to decrease below the ignition 
temperature; only then is the kiln or retort vessel opened. The charcoal is left for a further 
24 hours in the air, termed 'seasoning'. The remaining volatiles hence escape and small 
amounts of moisture and oxygen are also absorbedlOO. 
5.4 Products From the Carbonisation Process 
The process of charcoal malcing yields solid, liquid and gaseous products. However, the 
quantities of these products depend on the raw materials and the manufacturing method 
used. Also, over the years, new methods have been developed to increase the yields. 
5.5 Charcoal Properties 
A key property of charcoal is the amount of pure carbon it contains. The calorific value of 
the charcoal, ash content, moisture content and density are also important in determining 
the suitability for a particular end use. 
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5.5.1 Fixed Carbon and Volatile Carbon Content 
Ile pure carbon content of a sample of charcoal is obtained by deducting the moisture, 
volatile, and ash contents from the weight. It is usually expressed as a percentage, referred 
to as fixed carbon content. This is determined by heating a sample of dry charcoal in the 
absence of air at 9000C until it reaches a constant weight. The amount of carbon present in 
the end product depends especially upon the maximum temperature reached during the 
carbonisation and length of time at that temperature. Thus the data in Table 5.1 , shows that 
upto 5000C the fixed carbon content increases rapidly; however, from 5000C to IOOOOC 
the increase in fixed carbon content is small. 
9( 
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Figure 5.1 Relationship Between Carbonisation Temperature and Fixed Carbon Content of 
CharcoaJ99 
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For domestic cooking high contents of volatiles are required in the charcoal for easier 
lighting. However, for industrial use, such as in steel making, a fted carbon content of 
80-95% is required. This is 'high quality 'charcoal, and tends to be brittle and hard to 
ignite. Domestic charcoal tends to have a volatile content of 20-30%. Charcoal with a 
volatiles content of >40% is regarded as poor quality, since on combustion it emits strong- 
smelling smoke. Poor quality charcoal tends to stain clothing upon handling. 
5.5.2 Density of Charcoal 
The density of charcoal depends upon the wood source, the production method and its 
intended end use. In general the density of charcoal is 50% that of the wood from which it 
is produced. 
5.5.3 The Gross Calorific Value of Charcoal 
The gross calorific value of a particular charcoal depends on the proportion of fixed carbon, 
and thus volatiles, it contains. For most charcoals, the gross calorific values fall within the 
range 28-33 MJ/kg. The nett calorific value depends -upon the water content of the charcoal 
but usually approximates to 28 MJ/kg. Charcoal may also contain ash within the range of 
0.5% -5%. Ash usually consists of minerals such as clay, silica, and magnesium and 
calcium oxides. 
Fresh charcoal contains no water but gains moisture from air. The higher the volatiles 
content the greater the moisture gain from the air. Moisture content can be as high as 15%. 
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5.5.4 Pyrolysis Products 
When air dried wood is converted into charcoal, depending on the yield, the volatiles 
given-off can be 60% to 80% of the orignal mass of the wood. In the pyrolysis phase non- 
condensible gases, and the liquid products are also released. 
The non-condensible (Table 5.2) gases are those which do not condense at room 
temperature. The yield of non-condensable gases is 10-15% of the air dry mass of the 
wood and they may be separated-out by passing the full pyrolysis products stream through 
a condensing pipe or chimney. The liquid products condense-out leaving the non- 
condensible gases, mainly carbon dioxide, carbon monoxide, methane, hydrogen, and 
some oxygen plus the nitrogen present when the reaction was initiated either in the IdIn or 
retort vessel. 
The carbonisation. temperature again controls the differing amounts of non-condensible 
gases present in the pyrolysis stage. 
Non-Condensible gases % Yield 
carbon dioxide 42.7 
c on monoxide 34.8 
medme 14.8 
hydrogen 5.4 
Table 5.2 Non-condensibles produced from Carbonising Redwoo 
Increasing the carbonising temperature of the above reaction to 6000C gave 10% lower 
yield of carbon dioxide and an increase of 5% for both carbon monoxide and hydrogen 
contentslOl. 
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5.5.5 Liquid Products 
The liquid pyrolysis products are those which condense to a liquid at ambient temperature. 
The total yield of liquid products fi-orn. air dry wood is usually around 59-60% by mass, 
half of which consists of water. The mixture of the liquid product, termed pyroligneous 
liquid, contains water, methanol (1.6% by mass from air dry wood), and acetic acid (5%). 
However separation into the different constituents can be expensive because of the capital 
equipment cost. 
5.6 Charcoal Production from Specific Wood Species 
Work by Shah and co-workersIO2, has provided an insight into some of the specifle 
parameters involved in charcoal maldng, by using batch metal partial combustion IdIns 
(PCKs). Four species of wood were studied, viz Oak, Meranti, Spruce, and Chestnut. 
Similar species with varying moisture contents were also studied as shown in Table 5.3 . 
All tests were carried out under identical conditions . 
Species Moisture 
content (wt%) 
Energy Content 
(kJ/k-g) 
Ultimat Analysis (wt%) 
CH0 
Oak 14.7 15.3 52 5.3 '42.4 
2 
- 
Oak- 
- 
14.7 
- 
15.3 51.5 __ 5.5 42.9 
T Tre rand 
- 
7173 17.3 53.0 5.1 41.9 
4 Nfe ra'ntl 11.5 12.2 -337- 5.2 42.1 
5 Spruce 
_ 
30.8 12.2 50.8 5.4 43.9 
6 __ _ Spruce 
- 
42.9 5 0.2 5.4 44.4 
7 
- - 
=ruc. 
_ 
eý:::: 42.9 9.6 50.5 5.6 44.2 
r Chestnut 12 15.8 -ST-. F-- 5.2 - 7279- 
Table 5.3 The Ultimate Analysis of Named Tree Species 
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Species Volatiles 
(Wt%) 
Fixed carbon 
(Wt%) 
Ultimat Analysis Lw-IM 
CH0 
Oak 15.7 79.8 84 1.4 14.6 
Oak 27.2 67 73.4 2.2 
- - 
23.7 
Meranti 20.6 77.4 85.1 
- 
27 1 12.7 
- Meranti 13-. T- 83.1 
- 
87.7 2.7 7T. 
Spruce 9.7 99.7- 94.2 2.2 3.5 
S ruce 13.9 85.2 88.8 2.3 
- - 
8.7 
Spruce 1 18.3 1 85.4 .7 11.5 Chestnut 1 22.9 1 75.2 1 79.2 
Table 5.4 The Ultimate Analysis of Charcoal obtained from Nam-ed-Species 
The data show that despite the same initial raw materials and conditions the same IdIn 
produced charcoals of different properties This is probably explained by the fact that non- 
uniform firing resulted in different final temperatures, which can range from 400-7000C. 
The volatiles in the charcoal described in Table 5.4 ranged from 9.7 to 27.2% (by weight). 
A high volatiles release resulted in low carbon content in the final charcoal; conversely a 
low volatiles content resulted in a high carbon content. 
The presence of hydrogen between 1.4 % to 3% (by weight), apparently had no influence 
on the final energy content. Oxygen content varied from a low of 3.5 % (by weight) upto a 
high of 23.7%. As demonstrated in Figure 5.2 the lower the oxygen content the higher the 
energy content of the final charcoal. 
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Figure 5.2 The Lower the Oxygen Content the Higher the Energy Content of the Final 
Charcoal 
5.7 Use of Carbonaceous Solids in Diesel Engines 
When Rudolph Diesel first designed the compression ignition (CI) engine, he envisaged 
using cheap abundant coal as the fuel. In the early experiments coal dust was inducted 
through the intake manifold using a 'fumigation' technique. Then, and in subsequent 
experiments problems arose, from unburned coal, and from severe wear by abrasive 
materials present in coal such as the high ash content. Diesel realised that liquid petroleum 
fuels offered greater potential and halted his research on solid coal ftiels. 
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5.7.1 Work on a Coal-Dust Engine 
PavolikowskiI03 and Morrison104, described work with the German "RUPPA" engine, a 
slow speed engine designed to operate on coal dust. SoehngenIO5 reviewed of the German 
work on development of a coal dust diesel engine. It was concluded that high speed coal 
dust engines are practicable. 
Rich and WalkerI06 developed a low compression-ratio coal dust diesel engine which used 
pilot injection of diesel fuel and "fumigation" of coal into the intake air. The results proved 
less than satisfactory due to coal delivery problems. The size of coal particles used in these 
experiments was approximately 200 microns. Further work was done by Marshall and 
Wallets 107 using a coal slurry-fuelled diesel engine. 
Pavolikowski , developed the RUPPA engine which used compressed air for the injection 
of coal dust and operated at 160 rpm, producing 60 W08. The engine ran for 12 years 
and 11,000 hours of research was carried out. The rings were replaced every 1000 hours. 
The disadvantages of the engine were that the delivery system comprised a feed screw to a 
low pressure chamber connected to the main combustion chamber passageway. Hence it 
had no ability to compensate for changes in the engine load, speed or fuel typeIO9. 
Most interest in the coal-slurry powered engine was shown in GermanyIIO. Nusselt and 
Wentzel performed early studies into the ignition and combustion processes of coal dust 
under simulated engine conditionsIll. Upto the Second World War, as many as 19 
experimental coal/slurry engines were tested in Germany ranging in size from I to 150 
lit/cYlinder, and in speed from 160 to 1600 rpm. Problems of wear in the previous engines 
were solved by; 
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-Adjustable piston rings 
-Increased lubrication 
-Cylinder wall cleaning of coal particles 
-Use of wear resistant materials 
- An injection system using high pressure air. 
The engines are reported to have run for 6,000 hours and had an efficiency of 35%. 
However, due to the outbrealc of the Second World War, and termination of the 
experiments, none of the results could be validated. None of the engines were built on a 
commercial basis. 
5.7.2 Coal-Slurry Fuels 
The first, coal-slurry ftiels experiments were conducted in 1934 in the United States 112. At 
the same time Englands Fuel Research Institute conducted several studies of cylinder and 
piston wear in spark-ignition engines. 
In the early 1950's ample reserves of oil were discovered. The low cost newly discovered 
petroleum fuels quickly established themselves as the prime transportation fuels. The need 
for coal-slurry fuel diminished but a few projects, mostly in the United States, continued. 
Results113 from these experiments generally showed, that with a 20-30% coal w/w in oil 
with a particle size 40-450 microns using an engine speed of greater than 800 rpm; 
- Engine efficiencY was low. 
-Engine wear and lubrication oil contamination occurred. 
-Problems were encountered in injection systems. 
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The four-fold increase in petroleum prices in the early 1970's prompted renewed interest in 
all types of alternative fuels. 
Further research into coal-water slurries revealed the significance of chemical and physical 
properties i. e. problems of grinding coal (due to its hardness), viscosity, and high ash 
content. 
New materials have been made e. g. ceramics, which are much more resistant to 
wearl 14,115 Low heat-loss engines and improvements in lubricant technology mean that 
dilution of the lubricating oil has a minimal effect on performance. The better-designed 
injectors give longer lasting performance and do not become obstructed. 
5.8 Slurry Fuel Properties 
The results of Ryan, et all 16 indicated that there are mainly five areas of concern in the 
formulation of slurry fuels for diesel engines: 
1) Dispersion characteristics of solid component. 
2) Flow and stability characteristics of the slurry. 
3) Injection and atomisation characteristics of the slurry 
4) Injection systems and engine durability characteristics with the slurry. 
5) Engine combustion characteristics of the solid component and the slurry. 
All the above areas depend on certain physical properties of the solid component. Hardness 
of the solid determines the type (grinding, homogenisation, dispersion, etc. ), and the 
degree of processing required to produce the desired particle size distribution. This in turn 
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affects the theological stability and the injection and atornisation characteristics of the 
resulting slurry. These characteristics are also affected by the active surface area of the 
particles which in turn, is related to the porosity as well as their size distribution. The 
injection system and engine durability are also affected by particle hardness and size 
distribution as well as the presence of contaminants e. g. sulphur and ash. The engine 
combustion characteristics are affected to some degree by all the properties mentioned 
above. In addition, the combustion process is affected by the density, the heat of 
combustion and the chemical composition of the solid component. 
5.8.1 Charcoal-Water Slurries 
It was clear from the literature reviewed that a preferred solid would be one which had a 
low ash content and was relatively easy to grind- charcoal, which is readily available, fits 
these criteria. Moreover it is bio-renewable and, since the sulphur content is low, generates 
little S02 on combustion. 
The volatile matter content of charcoal depends on the type of IdIn, the procedure and the 
initial raw materials used. The amount of volatile matter ranges from 4% w/w to a high of 
approximately 45%. The higher the volatile content of charcoal in the ultracarbofluid, the 
better the fuel performance to be expected. 
Not only is charcoal more easily ground than coal, it requires substantially less energy to 
grind and can be ground to very fine particles. It should ideally be ground to <30 pm in 
order to obtain optimum mixing of solid particles into an oil /water slurry. Therefore 
charcoal appeared to be an ideal solid fuel for incorporation to reduce the environmental 
impact of diesel engine operation. Hence it was selected for use in the present research. 
Incorporating charcoal into dliquid fuel by suspension in water, solves the major problems 
IJ6 
associated with solid biomass fuel. In the solid state, biomass presents problems in 
handfing and transportation due mainly to its low bulk densities. 
However, it is clear that the application of solid fuels in LC engines requires a lot more 
research especially in the areas of. 
1) Fuel preparation. 
2) Design of fuel metering and injection systems. 
3) Design and construction of pistons, combustion chambers and piston rings. 
The possibilities for diesel fuel replacement which have been particularly investigated are as 
follows. 
(i) Complete replacement by a suitable vegetable oil e. g. rape seed oil 117, soya bean oil 
or esterified sugar beet extract119. Some research is also in progress into the use of 
elephant grass oil (Miscanthus)120. 
(ii) Partial replacement by blending diesel with vegetable oils in varying proportions up to 
20% by weightl2l. 
(iii) Partial replacement by blending with an aqueous suspension of a non- renewable 
fossil fuel e. g. coal. 
More recently at Universite de Technologie de Compiegne, some work has been reported 
on using fine coal duSt122. Antonini et a1123 developed a technique for an oil 
agglomeration and "slurryation" process for clean slurry production. From previous 
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work124 it is known that coal with less ash can be formulated in a coal slurry for 
substitution as a fuel in diesel engine oils and gas-fired boilers. 
Mixtures of coal, water and agglomerating agent were formulated as slurry fuels. Different 
types of coals were ground very finely (below 30 microns) in order to produce a 'super- 
clean' coal ternary mixture (coal, water, oil blend) with ash content below 0.5wt%. This 
mixture is termed an ultra-carbofluid. 
(iv) Complete replacement by a slurry of coal in vegetable oil. 
(v) Complete replacement by a 100% bio-renewable ultracarbofluid. 
This describes the completely novel type of fuel, not previously reported in the literature, 
that was chosen for use in in the present research. This novel formulation comprised water, 
charcoal and a vegetable-derived oil. This was termed Bio-ultracarbofluid. 
5.9 Bio-ultracarbofluid (Bio-ucf) 
The vegetable-derived oil or oils needed to be commercially viable. It was also considered 
advantages that work with neat oils was reviewed for comparison. A search of the literature 
indicated rapeseed and soya oil fitted these criteria. 
When using such oils, esterification was found to be necessary in order to reduce their 
viscosities. This also improves their long-term stability and in so doing reduces the 
tendency for spontaneous combustion under certain circumstances. For these reasons, and 
in particular to assist dispersion in water, methyl rapeseed and methyl soyate were chosen 
as the oils to be studied. 
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It was deduced initially, by analogy with the work of Antonini et al. using coal dust , that a 
'bio-ultracarbofluid should comprise a mixture of particulate charcoal, fuel oil, and water 
generally in the ratio of 5: 3: 2 and a small amount of stabilising additive. 
As discussed previously, charcoal can be produced by different pyrolysis techniques 
starting from various natural sources. It should presumably be present in the fluid at upto a 
maximum of around 50% by weight. The particle size was chosen to be usually in the 
range of <30 pm in order to remain in suspension, reduce fuel delivery problems and give 
efficient combustion. From the research with coal dust carried out by Antonini it was clear 
that volatile content of the charcoal would be variable, i. e. a higher volatile content coal 
had given higher energy outputs. Therefore this also had to be taken into account. The 
stability additives were chosen on the basis of Antonini's recommendation, since they had 
functioned satisfactorily with coal dust of similar particle size distribution. 
The preparation and formulations of novel bio-ultracarbofluids to form the basis of this 
study are described in section 6.5. 
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Chapter 6 
6.0 EXPERIMENTAL METHOD 
Evaluation of the relative performance of the bio-ultracarbofluid formulations compared 
with diesel oil necessitated operation of a standard dirsel engine used with provision for 
exhaust gas analysis. 
6.1 Apparatus 
All of the equipment was designed and purchased, or constructed, as part of the present 
study. Commissioning tests were performed before the experimental tests described in 
chapter 7. 
Diesel engines made by Lister-Petter vary from compact, light, versatile engines (e. g. LTI) 
with brake power output of 5.2 kW at 3600 rpm to large heavy duty engines (e. g. 
JWSC6) with brake power of 186.4 kW at 2000 rpm. The small engines are usually used 
for powering mobile traffic signals and small generators. The heavy duty engines are used 
for marine propulsion of large ships and also as generating sets on building sites. The ease 
of use, ease of starting on diesel ftiel, and excellent reliability of Lister-Petter engines has 
resulted in the engines being sold to over 148 countries. They are especially popular in the 
developing countries. Some engines are locally manufactured in Argentina, Iran, Malaysia, 
South Africa and USA. 
The engine used in the test programme was a new Lister-Petter LPWS2 model ft-om the 
middle of the Lister-Petter range. It was a2 cylinder, 4 stroke, 600cc diesel engine (Figure 
6.1). A new engine test bed was designed and built. Special anti-vibration mountings were 
found to be necessary for smooth running of the engine and to avoid destabilising the data 
collection instrumentation, the specifications for which are given below (Figure 6.2). 
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Figure 6.1 Lister-Petter LPWS'-) Diesel EnRinelised 
In The Experii-nental Programme 
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Figure 6.2 Engine Tgrýt Equipment Layout 
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Cooling of the engine is carried out by a belt driven water circulation pump and integral 
thermostat. An external cooling fan is also connected to the radiator. A gear driven rotary 
pump supplied lubricating oil at a constant pressure to all important working components 
with no external pipe-work being necessary. 
For easy starting, the engine was connected to a 12 volt electric starter motor together with 
a 45 amp 12 volt battery charging alternator. The engine will start at temperatures as low as 
-100C on ordinary diesel fuel. The engine uses pintle injectors combined with an indirect 
injection system and individual fuel injection pumps. Full power from the engine was taken 
from the flywheel for direct drive by couplings. The engine rotated anti-clockwise, when 
viewed from the flywheel end. 
6.2 Fuel System 
All the prepared test fuels and the standard diesel obtained fuel were stored in Jerry cans. 
However a modified petrol can capable of holding 8 litres was used as the engine ftiel tank. 
This contained Esso 2000 diesel fuel, on which the engine was warmed up and run on in- 
between test fuels. The fuel tank was also connected to a fuel measuring device as shown 
in Figure 6.3 . 
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6.2.1 Fuel Measuring Device 
The fuel measuring device consisted of glass tube attached vertically to the rig with a 
threaded rod in the middle onto which were fixed a number of discs at known volumes 
(100,200 and 400cc). Changes in level during time intervals recorded on a stop-watch 
were used to determine the fuel consumption rate. 
6.3 Heenan-Froude DPX' I Dynamometer 
In order to facilitate engine operation under different loads, a hydraulic dynamometer was 
connected to the engine using a Hardy-Spicer propshaft . The universal joints at both ends 
of the shaft reduced the need for perfect alignment as small amounts of shaft flexing could 
be absorbed without damage to the bearings. The water brake is shown in Figure 6.4. 
The DPX I dynamometer, or'water brake', used water to absorb the engine power. Load 
was exerted on the engine by directing the inlet water onto a rotor, using adjustable sluice 
gates. The power absorbed was converted to heat which was detected in the outlet water. 
The load applied by the dynamometer on the Lister-Petter engine at wide open throttle can 
vary the engine speed fi-om a minimum idling speed of 850 to a maximum speed of 3300 
rpm. 
The engine rpm was measured using a M48 optical tachometer. A piece of reflective tape, 
affixed onto the end of the dynamometer, reflected the light emitted by the optical head back 
to the built-in receiver (Figure 6.5). The engine rpm was then displayed digitally. The short 
sampling time (1/100 second) of the instrument ensured a fast response to change in the 
engine speed; this also gave an indication of any irregular operation of the engine. 
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Figure 6.5 IM48 Optical Tachometer 
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There are three main types of dynamometer; 
(i) The friction brake dynamometer. Typically the engine flywheel has a band of 
friction material around its circumference, and the torque reaction on this 
corresponds to the torque output of the engine. 
(ii) Electric dynamometer. In this case the dynamometer acts as a generator to 
absorb the power from the engine. The torque output, or the load, absorbed is 
calculated from the dynamometer field strength. The electric dynamometer 
however has a limitation on operating speed which may be as low as 3000 rpm. 
(iii) Froude Hydraulic Dynamometer, as described below. 
6.4.1 Froude Hydraulic Dynamometer 
Both the rotor and casing of a Froude hydraulic dynamometer are designed to ensure 
maximum braking efficiency. The rotor is made with a series of cup-shaped pockets or 
vanes; similar pockets, but of opposite hand or pitch, are incorporated on the inside faces 
of the casing. Thus when the machine is assembled the pockets of the rotor and casing face 
each other with a small but definite clearance between them. 
Water is fed into the casing so that as the rotor is driven round it carries with it water 
trapped in the rotor pockets. At the same time centrifugal force tends to throw this 'trapped' 
water outwards and, by virtue of the shape of the pockets, across the clearance gap 
between the rotor casing. The matching shape of the casing pockets returns the water in a 
like manner to the bottom of the rotor pockets, so that any single drop of water would trace 
out a vortex path, circulating between rotor and casing. This vortex produces a strong 
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braldng action which acts as a load for the engine and also to carry the casing around with 
the rotor. 
In the actual dynamometer the rotor is double-sided, with two sets of casing pockets, 
serving the purpose of equalising side thrust and doubling the braking effect. A variable 
load effect is produced by interposing sluice gates in the clearance space between rotor and 
casing. Between the fully-open and fully-closed positions of the sluice gates a wide range, 
stepless control of speed and load is thus available with the engine running, merely by 
adjusting the hand wheel (Figure 6.6) controlling the sluice gates. 
6.4.2 Load Measuring Device 
A new load measuring device was constructed consisting of four strain gauges in a 
Wheatstone bridge arrangement mounted on a cantilever, acted on by an arm attached to the 
dynamometer case. Two strain gauges were mounted on the upper side and two on the 
lower side, resulting in two being under compression and two in tensile strain at any time 
(Figure 6.7) .A variable resistor was placed across the bridge circuit to enable zeroing, and 
power was supplied from a Brandenburg STI stabilised DC supply. The deflection of the 
beam, due to the load exerted on it, changed the resistance of the strain gauges 
proportionally; the change in voltage which resulted was measured using a digital 
voltmeter. 
The beam attached to the dynamometer casing was designed to allow weights to be 
suspended fi-eely for calibration and periodic checIdng of the bridge circuit (Figure 6.8) . 
This was an important aspect, as the readings were spread over a relatively long time and 
the arm attached to the dynamometer could have attained a permanent bend. 
170 
FiCrure6.6 DýnaniorneterHandWlieel 
I'D - 
Adiustment 
171 
Digital 
MiUivoltmier 
Figure 6.7 Bridge Circuit for Strain Gauges in the Load Measurin Device 
Tables 6.10 shows the results of calibration, and from plots of these data (Figures 6.12 and 
6.13), it can be seen that there was a straight line relationship between millivolts output and 
torque. The conversion factor fi-orn millivolts to torque was found from the graph to be 
9.92. 
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6.4.3 Infra-red Gas Analysers 
Two Horiba exhaust analysers (Fig 6.9) were used (A Mexa-321E, measured CO, and HC 
content whilst a Mexa-21 1E measured C02 content. ). The infm-red process allows precise, 
selective measurement of individual exhaust-gas constituents. The process is based on the 
fact that infrared light is strongly absorbed by certain exhaust gas constituents at a 
characteristic wavelength which differs for each constituent. 
An emitter which is heated to approximately 7000C emits infi-ared light which passes 
through a measuring cell and enters a receiver chamber. Gas with a defined CO component 
is held in the receiver chamber. A portion of the CO-specific radiation is absorbed in the 
chamber. This absorption increases the temperature of the gas, causing it to flow via a flow 
sensor into the second compensation space V2, The rhythmic interruption of the radiation 
by a rotating chopper disc causes the direction of the basic gas flow to alternate between the 
two spaces VI and V2. The flow sensor converts this signal into an alternating electrical 
signal. A test gas with variable CO contents absorbs a portion of the radiated energy as it 
flows through the measuring cell. The amount of energy absorbed depends upon the 
magnitude of the CO content and is lost to the receiver chamber. As a result, the basic flow 
in the receiver chamber is reduced. The deviation from the basic alternating signal indicates 
the CO content in the test gas. 
As the composition of ftiel is changed the composition of the exhaust gas is also naturally 
expected to change. It is also possible to measure carbon dioxide, carbon monoxide, and 
also hydrocarbon concentration. The total concentration expressed as parts per million of 
the hydrocarbons present can be obtained by summing the concentrations of each of the 
individual hydrocarbons. Expressing the concentration in such a manner provides a 
measure of the number of hydrocarbon molecules present in a given quantity of exhaust. 
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However, the complexity associated with the above technique can be recognised, since a 
significant number of individual hydrocarbons of differing molecular weight are present. 
An alternative method for expressing the total hydrocarbon content in the exhaust consists 
of normalising the hydrocarbon concentration to an n-hexane basis. This is done, in effect, 
by determining the concentration of carbon atoms represented by the hydrocarbons in the 
exhaust gas and dividing by six, to give the n-hexane equivalent. The concentration is, as 
in this present research, conveniently expressed as parts per million by volume of C6 . 
6.4.4 Exhaust Extraction Fan 
In order to remove all the exhaust waste products of the engine quickly and efficiently a 
powerful exhaust extraction fan was fitted to remove all the undesirable products. This 
discharged outside the building. 
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6.4.5 Haake Viscometer 
An Haake viscometer model RV12, was used to measure the viscosity of the fuels used in 
this project (Figure 6.10). The viscometer consisted of, 
(i) The drive unit, 
(ii) Temperature vessel, 
(iii) The sensor system and 
(iv) The recorder. 
(i) The measuring drive unit comprised of the motor, tachogenerator, reduction gear, 
calibrated spring, transducer and pre-amplifier, all of which were connected to the recorder 
(basic unit) by means of a multi-core cable. The angle of twist measured by the calibrated 
spring when the liquid was sheared was picked-up by the sensor system and displayed on 
L. C. D. or if required a print-out was obtained. 
(ii) The tempemture vessel had dure main functions: 
(a) it connected the sensor system to the measuring drive unit, 
(b) it centred the rotor and cup, and 
(c) it controlled the temperature of the test substance. . W/ 
(iii) The sensor system consisted of a coaxial cylindrical cup with three different rotors to 
provide different viscosity measuring ranges. The rotor was mechanically centred. The top 
and bottom surfaces of the rotor were recessed to minimise "end effects". The sample 
volume required was about 4(kx43 - 
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6.4.6 Bosch Smoke Density 
The density of smoke emitted from the engine was measured using a Bosch smoke meter. 
The smoke was represented by the Bosch Smoke Unit (BSU). This device indicated the 
BSU density in the range of white 0 to Black 10 according to the reflection factor of the 
filter paper that collected soot over a fixed period. 
6.5 Experimental Procedure 
The preparation of bio-ultracarbofluids requires the homogeneous dispersion of the solid 
particulate fuel and the vegetable oil into water. The procedure followed in this work was 
as described below and shown in Figure 6.13; 
Charcoal was ground to <30 pm by using a wet ball mill. 
Measured amounts (by mass) of oil blend (e. g. esterified rapeseed, or soya) and water 
were mixed at high speeds (2500 rpm) for 5 minutes. 
(iii) A chemical dispersant (e. g. BASF Emulan-P or Albright and Wilson Colgan) was 
added as required to provide a stable suspension-emulsion. Surfactants are surface active 
agents which can assist the stabilisation of a suspension of finely divided solids in a liquid 
medium. 
(iv) Introduction of charcoal into the oil/water emulsion was followed by high speed 
dispersion for 15 minutes. Dispersion into the charcoal suspension was achieved using 
high speed agitation as above. 
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Different formulations of ultra-carbofluids were made using the above method. Each 
formulation was tested within 48 hours of preparation. The proportion of oil was kept 
constant whilst the charcoallwater and additive ratios were varied as shown in Tables 6.02 
to 6.09. The viscosity of each fuel was measured using a Haake viscometer. 
6.5.1 Types of Charcoal 
Two charcoals with different properties were chosen for the experimental programme. 
Charcoal with a high volatile content (charcoal A) and with a low volatile content (charcoal 
B) were used; the full properties are described below. Charcoal may have varying amounts 
of volatile content. Once received, the two charcoals were stored under identical conditions. 
In order to obtain particles of less than 30 gm in the experimental test fuels both charcoals 
were passed through a 30 pm sieve before use. 
The ultimate analyses of the two charcoals A and B used were; 
Ultimate Analysis wt% 
C H 0 volatiles wt % Fixed Carbon Wt % 
Charcoal A 73.4 1.4 14.6 27.2 67.0 
Charcoal B1 94.2 1 2.2 3.5 9.7 89.3 
6.5.2 Modified Vegetable Oils Used in the Experimental Programme 
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Two different esterified vegetable oils were used in the experimental programme. Esterified. 
rapeseed oil (Oil A) supplied by Chemoxy Chemicals and esterified soya oil supplied by 
Environ (Oil B). 
The ratio of the vegetable oil was kept constant at 30%, since previous investigators 
reported that a minimum amount of fuel oil in coal-water slurries was required for efficient 
fuel combustion. No combustion problems were encountered using 30% vegetable oil. It 
was envisaged that using less than 30% could result in inefficient combustion, engine 
misfuing or engine arrest. 
6.5.3 Additives Used in the Experimental Programme 
Fine charcoal does not form a stable slurry in an oil-water medium. T'herefore chemical 
additives such as surfactants are used to aid the rheological and stability properties of the 
slurry. Surfactants are chemical products whose molecules are able to modify the properties 
at an interface, e. g. liquid/air or liquid/liquid by lowering the surface or interfacial tension. 
Every surfactant possesses the fundamental characteristic of having two essential portions, 
one being water repellent, termed hydrophobic (or lipophilic), the other being water 
attractive, termed hydrophilic (or lipophobic). The number and arrangement of the 
hydrocarbon groups, together with the nature and position of the hydrophilic groups, 
combine to determine the surface active properties of the molecule. C 12 to C20 is generally 
regarded as the range covering optimum detergency properties. For a charcoal-oil-water 
slurry the charcoal particles represent the finely-divided solids; oil and water are the liquid 
medium. Dispersion of a finely-divided solid into a liquid is usually described as a three 
step process: wetting the powder and displacing the trapped air; disaggregating or 
fragmenting particle clusters; and preventing reaggregation of the dispersed particles. 
Two different additives were used in the experiments. The two types of additives were 
chosen on the basis of literature reports which revealed that the optimum results obtained 
with coal-water slurry were with BASF Emulan P and Albright & Wilson Colgan. Also the 
optimum quantity in a charcoal-water slurry was reported in the literature to be I %. 
Table 6.01 shows the different combinations of constituents used in the experimental 
programme. 
Series A B C D E F G H 
Charcoal A Y y N N y N N 
Charcoal B IT- N y y N N 
- 
y 
- 
y 
Oil A y N y N 
I 
y N Y- -N 
Oil B N y N 
-' 
N 
- 
y 
- - 
N y 
- - W'ater y y y Y -T T Y y 
AdditiveA y y y y N N N N 
, Additive B N N N N y yI YI Y Y= Yes N= No 
Table 6.01 Constituents Used in the Exl2gimental ProgMmme 
Series A 
In Series A experiments; charcoal A, oil A esterified. rapeseed oil, and Additive A were 
used in the different proportions shown in Table 6.02. 
Component Mass % Charcoal A Oil A Water AdditiveA 
Sample Al 15 30 54 1 
A2 20 30 49 1 
A3 25 30 44 1 
A4 30 30 39 1 
A5 35 30 34 1 
A6 40 1 30 1 29 1 
Table 6.02 Series A formula 
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Sefies B 
In Series B expedments; charcoal A, oil B esterified soya oil, and Additive A were used in 
the different proportions shown in Table 6.03. 
Component Mass % Charcoal A Oil B Water AdditiveA 
Sample B1 15 30 54 1 
B2 20 30 49 1 
B3 25 30 44 1 
B4 30 30 39 1 
B5 35 30 34 1 
B6 1 40 1 
30 
--1 
29 1 
Table 6.03 Series B formulae 
Series C 
In Series C experiments; charcoal B, oil A esterified rapeseed oil, and Additive A were 
used in the different proportions shown in Table 6.04 
Component Mass % Charcoal B Oil A Water AdditiveA 
Sample Cl 15 30 54 1 
C2 20 30 49 1 
C3 25 30 44 1 
C4 30 30 39 1 
C5 35 30 34 1 
C6 1 40 1 
30 
1 
29 
1 
1 
Table 6.04 Series C formula 
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Series D 
In the Series D formulae; charcoal B, oil B esterified soya oil, and Additive A were used 
in the different proportions shown in Table 6.05. 
Component Mass% Charcoal B Oil B Water Additive A 
Sample DI 15 30 54 1 
D2 20 30 49 1 
D3 25 30 44 1 
D4 30 30 39 1 
D5 35 30 34 1 
D6 
1 
40 
1 
30 
1 
29 
1 
1 
Table 6.05 Series D fonnul 
Series 
In the Series E experiments; charcoal A, oil A esterified rapeseed oil, and Additive B were 
used in the different proportions shown in Table 6.06. 
Component Mass % Charcoal A Oil A Water Additive B 
Swnple El 15 30 54 1 
E2 20 30 49 1 
E3 25 30 44 1 
E4 30 30 39 1 
E5 35 30 34 1 
E6 1 40 1 30 29 1 
Table 6.06 Series E formul 
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Series F 
In the Series F experiments; charcoal A, oil B esterified soya oil, and Additive B were used 
in the different proportions shown in Table 6.07. 
Component Mass % Charcoal A Oil B Water Additive B 
Sample Fl 15 30 54 1 
F2 20 30 49 1 
F3 25 30 44 1 
F4 30- 30 39 1 
F5 35 30 34 1 
F6 1 
40 
1 
30 
1 
29 1 
Table 6.07 Series F formulae 
SeTies G 
In the Series G experiments; charcoal B, oil A esterified rapeseed oil, and Additive B were 
used in the different proportions shown in Table 6.08. 
Component Mass % Charcoal B OHA Water Additive B 
Sample G1 15 30 54 1 
G2 20 30 49 1 
G3 25 30 44 1 
G4 30 30 39 1 
G5 35 30 34 1 
G6 
1 40 1 
30 
1 
29 
1 1 
Table 6.08 Series G fonnula 
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Series H 
In the Series H fonnulae; charcoal B, oil B esterified soya oil, and Additive B were used in 
the different proportions shown in Table 6.09. 
CoMponent Mass % Charcoal B Oil B Water Additive B 
Sample HI 15 30 54 1 
H2 20 30 49 1 
H3 25 30 44 1 
H4 30 30 39 1 
H5 35 30 34 1 
H6 1 40 30 1 29 1 1 
Table 6.09 Series H formulae 
On testing it was discovered that all the test samples containing charcoal in excess of 30% 
by mass had viscosities far greater tim was practible for a fuel (e. g. >40 cST at 380C) 
These fuels were therefore not tested further in the experimental programme. [These were 
experimental bio-ultracarbofluid fuels A5 and A6, B5 and B6, C5 and B6, C5 and C6, D5 
and D6, E5 and E6, F5 and F6, G5 and G6, and also H5 and H6. ] Also in order to avoid 
replication of tests, since it was expected that the different additives used would have a 
minimal effect on the parameters to be investigated, in series E, F, G and H; only fuels El 
and E4, Fl and F4, GI and G4, and also Hl and H4 were tested. 
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Experiment Mass kg Load N Output mV Cale. Torque Nm 
1 0 0 0 0 
2 
g 
4.9 0.5 5 
3 1 9.81 0.98 10 
3 1.5 14.72 1.49 15 
5 
- 
2 19.62 2.01 20 
6 2.5 24.53 2.48 25 
7 3 29.43 2.97 30 
- 8 4.4 3.51 75 
9 4 39.4 3.99 40 
- 10 4.5 44.15 4.49 45 
11 5 49.05 1 5.01 12 5.5 53.96 1 5.52 55 
113 I TT 1 58.86 1 6.09 60 
fable 6.10 CEdibration Data from the "x erimental Test WulP-mWnA 
00 
2 
y=0.992x + 0.022 
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Figure 6.11 Calibration Curve for load Measuring Strain Gaug 
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Figure 6.12 TorQue Produced vs mV Output from Load Measuring SYstem 
6.6 The Test Procedure 
The test procedure was as follows. Ile engine was first run using reference diesel fuel 
(Esso 2000 diesel) on a wide open throttle (WO71). The speed of the engine was controlled 
by slowly adjusting the load applied using the handwheel. After 15 minutes the engine was 
sufficiently warmed-up and the speed was set at 1000 rpm and test data recorded. The 
speed of the engine was increased by 200 rpm increments and further data recorded. The 
speed was increased upto a maximum of 3000 rpm. The engine speed was then reduced to 
1000 rpm and the fuel supply switched over to ultra-carbofluid and the test data recorded. 
The procedure was repeated for all formulations. 
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Figure 6.13 Bio-ultracarbofluid Production Scheme 
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CHAPTER 7 
RESULTS AND DISCUSSION OF RESULTS 
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Chapter 7 
7.0 RESULTS AND DISCUSSION OF RESULTS 
All the comparisons of brake power, C02, CO and HC emissions were performed at 3000 
rpm. [Although the speed of the engine could be increased to 3300 rpm, the handbookI25 
recommended the safe operating limits of the engine as being between 1000 and 3000 
rpm. ]. Thejustification for this was that operators will naturally make use of the maximum 
safe operating limit, in this case 3000 rpm. The smoke emissions on the other hand were 
compared at an operating speed of 1000 rpm since the data demonstrated that the maximum 
smoke output was at low speeds i. e. at 1000 rpm. 
The four reference fuels (A, B, C, and D Ref) were the same Esso diesel 2000 as sold from 
petrol station forecourts. Ile reference fuels were tested before and in-between the tests 
with the experimental bio-ultracarbofluids fuels. A comparison of reference fuels' brake 
power output, C02, CO, HC and smoke emissions results, confirmed good repeatability 
and these results together with results from bio-ultracarbofluids are discussed in the 
following sections. 
The averages of brake power, % C02 emissions, % CO emissions, % HC emissions and 
Smoke Number of the four reference fuels were termed Average Ref. The Average Ref for 
C02, CO, HC and Smoke Number are compared with the bio-ultracarbofluids emissions in 
the following discussion. 
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7.1. Brake Power Output 
7.1.1 Reference Fuels' Brake Power Output 
The brake power output showed a maximum difference of 12% between the four reference 
fuels. The results obtained for the four reference fuels are all plotted in Figure 7.0 1* . It 
was therefore concluded that a plot of average values from the data for all four reference 
fuels (shown in Figure 7.02), provided a sound basis with which to compare the 
performance of the experimental bio-ultracarbofluids fuel mixtures. 
The brake powers of reference fuel A Ref are shown in Table 7.0 1, and plotted in Figure 
7.01 . For comparison the brake powers generated with reference fuels B, C and D Ref 
under similar operating conditions are also listed. The brake power outputs with fuel B 
Ref, shown in Table 7.02, were slightly higher but only on average by <0.5%. For 
reference fuel C Ref, the brake powers generated are shown in Table 7.03; the difference 
between brake power output A Ref, B RefC Ref was less than 0.3%. The brake power 
output with reference ftiel D is shown in Table 7.04 . The maximum difference between 
power output A Ref, B Ref, C Ref and D Ref was 1.2%. 
The average brake powers of the four reference fuels are shown in Table 7.05 and plotted 
in Figure 7.02. 
* The data points are joined by straight lines for convenience, since the trends in data-rather than 
interpolation-are of relevence. 
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Experiment RPM ýýUt MV Torque Nm Brake Power kW 
1 - 1000 3.54 35.1 3.68 
2 1200 3.71 36.8 4.62 
3 1400 4.08 40.4 5.92 
3 1500 4.14 41 6.44 
5 1600 4.2 41.6 6.97 
6 1800 4.26 42.2 7.95 
7 2000 4.46 44.2 
7 
9.26 
8 2200 -4.37 4T3 8 
9 2400 4.26 42.2 10.61 
10 _T5W 4.12 41.3 10.81 
11 76W 4.05 40.1 10.92 
12 3.86 38.2 11.2 
13 3000 3.82 37.9 11.91 
Table 7.01 Millivolt Output. TorQme and Brake Powers A Ref Fuel 
Experiment RPM output Torque Nm Brake Power kW 
1 1000 3.56 35.3 3.7 
2 1200 3.71 36.8 4.62 
3 -TT4O-O 4.09 40.5 5.94 
3 1500 4.16 41.2 6.47 
5. ..... i[. ý - 4.21 41.7- 6.99 
6 -T8--00 4.28 42.4 7.99 
7 TO-O0 4.49 44.5 9.32 
8 2200 4.4 _ 43.6 10.05 
9 2400 4.26 42.2 10.61 
- 4.19 10.86 
I1 4.08 40.4 11 
12 2800 3.9 38.6 11.31 
13 3000 3.87 38.3 12.03 
Table 7.02 Millivolt Output. Torque and Brake Powers B Ref Fuel 
Experiment RPM Output TorSue Nm Brake Power kW 
1 1000 3.56 35.3 3.37 
2 1 TO-0 3.79 37.6 4.73 
31 -T-4-0-0 4.06 40.2 5.89 
3 1500 4.16 41.2 6.47 
5 7 6-W 4.23 41.9 -T02 
-- - 6 -MF 4.29 42.5 . Ol & 
7 2000 4.48 44.4 9.3 
8 2TIM- 4.39 43.5 10.02 
9 -24W 4.29 42.5 10.68 
- 10 2500 4.2 41.6 10.89 
Ff 4.08 40.4 11.01 
12 2800 3.86 38.3 11.23 
13 -3-W - 3.85 38.1 -11.97 
Table 7.03 Millivolt Quiput. n)rque and Brake Powers C Ref Fuel 
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Experiment RPM Output MV Torque Nm Brake Power kW 
- 1 1000 3.59 35.6 3.73 
2 1200 2 37.9 4.76 
3 _70F 4.1 40.6 5.95 
3 1500 4.22 41.8 6.57 
_ 5 F6-0-0 4.27 42.3 7.09 
6 -T-800 4.32 42.8 
' - 
8.07 
7 TO WOO 4.49 : T4 F5 
8 2200 4.42 43.8 10.09 
- 9 4.32 42.8 10.76 
1 U- -15-M- 4.23 41.9 10.96 
11 76W 4.07 40.3 10.98 
1 12 28W-I -4 11.61 
13 3000 1 3.89 38.6 12.13 
Table 7.04 Millivolt Output. Torque and Brake PDwers D Ref Fuel 
Experiment RPM 
Brake. 
PowerkW 
A Ref 
Brake 
PowerkW 
B Ref 
Brake 
PowerkW 
C Ref 
Brake 
PowerkW 
D Ref 
Brake Power kW, 
average of ABC 
and D Average RAL 
1 1000 3.68 3.7 3.37 3.37 
- 
3.53 
2 -ITW 4.62 -4. ZF- --4-. 7T- -- -4.76 4.68 
3 1400 5.92 5.94 5* 89 5.95 5.9 
3 1500 6.44 T. 4 -7 6.47 
- 
-Z-37- 
- 
6.49 
5 1600 6.97 9.99 -7. T2- -7-. -OT 7.0 
6 1800 7.95 7.99 1 8.01 8.07 8.0 
7 2000 9.26 9.32 9.3 9* 32 9.3 
8 
. D-g- 
--TU. 7U3- --FT - OT -T . g- 10.0 9 10.61 IOT-1 --ID-. 6-8 10.76 10.7 
10 2500 10.81 10.86 
- 
10.89 10.96 10.9 
11 2600- 1 0-39T 1 1 11.01 10.98 10.98 
12 2800 11.2 11.31 -=I. 11.61 11.34 
13 30001 11.91 12.01 
Table 7.05 A. B. C. D and Average Ref Fuels Brake Powers 
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Figure 7.02 Average Brake Power For A. B. C and D Ref Fuels 
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7.1.2 Brake Power output, Series A Fuels 
Table 7.06 lists the millivolt output (mV), torque (Nm) and brake power (M) data from 
the 13 experiments with Al fuel. Tables 7.07,7.08 and 7.09 give output (mV), torque 
(Nm) and brake power (M) for A2, A3 and A4 respectively. 
In Table 7.10 brake powers of A 1, A2, A3 and A4 fuels are given; these are plotted in 
Figure 7.03. AI fuel produced the lowest brake power output in the A series at 3000 rpm. 
AI fuel gave 9.7% lower brake power output than Average Ref at 3000 rpm. From AI to 
A4 fuel the brake power output increased. A4 fuel shows the least difference from Average 
Ref with a brake power deficit of 6.9% at 3000 rpm. 
Experiment RPM 2! ! Tu! mv Torque Nm Brake Power kW 1 1000 
- 
3.2 31.8 3.33 
2 170-0 
- - - 
3.32 32.9 4.13 
3 T4 M 3.48 34.5 5. G6 
3 1500 3.63 36 5.66 
5 1600 3.71 36.8 6.17 
6 1800 3.82 37.9 7.14 
7 2000 3.88 
- 
38.5 8.06 
8 2 FOT 7 96 
_39.3 
9.05 
9 
- 
TOF 3.88 38.5 9.68 
IU 2500 3.74 37. r- 9.71 
11 2600 66 36.3 9.88 
12 28W- --- 159 -35-. r 10.44 
13 3000 1 138 34.5 10.84 
Table 7.06 Millivolt Output. Torgue and Brake Powers For AI Fuel 
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Experiment RPM 1 2mut mV Torque Nm Brake Power kW 
1 1000 . 3.26 32.3 3.38 
2 1200 3.36 4.18 
3 -T: MF 3.56 35.3 5.18 
3 1500 3.67 36.4 
- - 5 1600 3.78 T7 .5 
6.28 
6 1800 3.9 38.9 7.28 
7 -fW 3.99 39.2 8.21 
8 2200 4.05 40.1 
9 2400 3.93 3T9 
- 
9.78 
--" 10 _7TW 3.81 37. IT 9.9 
II F6W 3.69 36.8 10.02 
12 - 1--18W-I - 3.62 35.8 10.5 
13 1 3000 1 3.52 1 34.9 10.96 
Table 7.07 Millivolt Output. TorQue and Brake Powers For A2 Fuel 
Experiment RPM Output MV Torque Nm - Brake Power kW 
1 1000 3.31 32.8 3.44 
2 1200 3.46 34.3 4.31 
3 _ 1400 3.67 36.4 5.34 
- 3 1500 3.76 37.3 5.86 
3.85 38.2 6.4 
6 -IR67 3.97 39.3 
_ , 
7.41 
7 2000 4.03 79 79 8.36 
8 2200 4.12 40.8 9.4 
9 240 3.98 39.4 9.78 
10 -T5-0- 3.91 38.7 9.9 
11 600 3.75 37.2 10.13 
! 1; 2: 800 3.67 3T4 10.67 
_ 1 3000 3.59 35.7 11.18 
Table 7.08 Millivolt OuWut. Torque and Brake Powers For A3 Fuel 
Experiment RPM Output MV 
- 
Torsue Nm Brake Power kW 
1 1000 3.37 33.6 3.52 
2 1200 3.57 35.4 4.49 
3 1400 3.78 .5 5.5 
3 1500 3.9 38.6 6.06 
5 1600 3.94 39 6.54 
6 7800 4.03 7.52 
7 -TOOF 4.12 40.8 8.55 
8 2200 4.21 41.7 9.61 
9 -T4-GT- 4.09 40.5 10.1&- 
10 -T5-W 4.01 39.6 10.37 
11 3.79 37.6 10.24 
3.7 36.7 1 10.76 
13 1 3000 1 3.6 35.6 1 11.22 
Table 7.09 Millivolt Output. Torque and Brake Powers For A4 Fuel 
197 
Experiment RPM Brake Power kW 
AI 
Brake Power kW 
A2 
Brake Power kW 
A3 
Brake Power kW 
A4 
1 1000 3.33 3.38 3.44 3.52 
2 1200 4.13 4.18 4.31 4.49 
3 1400 5.06 5.18 5.34 5.5 
3 1500 5.66 5.72 5.86 6.06 
5 1600 6.17 6.28 6.4 6.54 
6 1800 7.14 7.28 7.41 7.52 
7 2000 8.06 8.21 8.36 8.55 
8 2200 9.05 9.24 9.4 9.61 
9 2400 9.68 9.78 9.78 10.18 
10 2500 9.71 9.9 9.9 10.37 
11 2600 9.88 10.02 10.13 10.24 
12, 2800 10.44 10.5 10.67 
_10.76 13 3000 10.84 10.96 11.22 11.18 
Table 7.10 A 1, A2, A3 and A4 Fuels Brake Powers 
12 
to 
U, 
R 
Brake power kW AI 
A2 
A3 
A4 
0 C) 00 
C) 00 
rpm cli C11 Cf) 
Figure 7.03 Brake Power kW Series A Fuels 
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7.1.3 Brake Power Output, Series B Fuels 
Table 7.11 lists the millivolt output (mV), torque (Nm) and brake power (M) data from 
the 13 experiments with BI fuel. Tables 7.12,7.13 and 7.14 show millivolt output (mV), 
torque (Nm) and brake power (M) for B2, B3 and B4 fuels respectively. 
Table 7.15 shows the brake power outputs of Bl, B2, B3 and B4 fuels and these are 
plotted in Figure 7.04. This demonstrates that BI fuel produced the lowest brake power 
output in the B series i. e. 8.9% less brake power than Average Ref at 3000 rpm. From BI 
to B4 fuel (as before in the A series) the brake power increased linearly with speed 
from 3.36 kW at 1000 rpm upto 11.36 kW at 3000 rpm. B4 fuel shows the least difference 
i. e. 5.6% less brake power from Average Ref at 3000 rpm. 
Experiment RPM Output MV I=ue Nm Brake Power kW 
1 1000 3.24 32.1 3.36 
2 1200 7.31 32.8 4.12 
3 1400 3.52 . .............................. T4-. 8 5.1 
3 1500 3.66 36.3 5.7 
5 76W -----3.73 36.9 6.18 
6 1800 3.85 38.1 7.18 
7 2W 3.93 38.9 8.15 
8 2200 3.98 39.4 9.08 - 
9 
- 
2400 
- - 
3.9 38.6 9.7 
1U 2 5-GV- 3.76 37.3 9.76- 
11 2600 3.7 36. 9.98 
12 2800 1 3.62 1 9 
ýý 
5 10.52 
13 3000 1 T. 52 1 3 4.9 10.96 
Table 7.11 Millivolt Output, ToNue and Brake Powers For BI Fuel 
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Experiment RPM output mv Torque Nm Brake Power kW 
1 1000 3.28 32.5 
- 
3.4 
- 2 T -2 0-0 3.39 33.6 
- - 
4.22 
3 -T-400 - 3.52 T4 .9 
5.12 
3 1500 3.7 36.7 5.77 
5- -Tzw 3.83 38 6.37 
6 1800 3.91 38.7 
--- 
7.3 
7 2000 3.98 T9.4 8.26 
8 --22-0- - 4.15 41.1 9.47 
9 2400 3.99 39.5 9.93 
-lu- --2500 3.88 38.4 10.05 
I1 --7600 3.78 37.5 
12 -T8--00 3.66 36.3 1 10.64 
13 To 0- -0 F 3.57 35.4 1 11.12 
Table 7.12 Millivolt Olout. Torque and Brake Pow s For B2-Fue 
Experiment RPM Ou! gut mv Tome Nm Brake Power kW ' 1 1000 3.34 33.1 3.47 
2 1-20-0 3.49 34.6 4.35 
3 -140-0 3.72 36.9 5.41 
3 1500 --3.81 37.8 5.94 
5 1600 3.91 
6 -Tgm- 4.01 39.7 7.48 
7 -mm- 4.09 40.5 8.48 
8 2200 4.17 41.3 9.52 
9 2400 4.1 40.6 10.2 
10 -2-5-0- 4.01 39.7 10.39 
11 2600 3.82 37.9 10.32 
12 21MFI 3.71 36.8 10.79 
13 3000 35.9 35.9 1 
Table 7.13 Millivolt Output. Torque and Brake Powers For B3 Fuel 
Experiment RPM OuTut my lor 
. 
Nue Nm Brake Power kW 
1 1000 3.42 33.9 3.55 
2 -= 3.61 35.8 4.5 
3 -T-4UF 3.85 38.1 5.56 
3 1500 3.92 38.8 6.1 
5 1600 3.93 39 6.53 
6 -TSDF 4.03 39.9 7.52 
7 2000 4.17 41.3 8.65 
8 2200 4.22 41.8-- 9.63 
9 2400 4.16 41.2 10.36 
10 255F 4.05 40.1 10.5 
1 2600 3.86 10.4 
12 2800 1 3.74 37.1 10.8ý 
13 3000 1 3.64 36.1 
Table 7.14 Millivolt Output. Torque and Brake Powers For B4 Fuel 
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Experiment RPM Brake Power kW 
BI 
Brake Power kW 
B2 
Brake Power kW 
B3 
Brake Power kW 
B4 
1 1000 3.36 3.4 3.47 3.55 
2 1200 4.12 4.22 4.35 4.5 
3 1400 5.1 5.12 5.41 5.56 
3 1500 5.7 5.77 5.94 6.1 
5 1600 6.18 6.37 6.48 6.53 
6 1800 7.18 7.3 7.48 7.52 
7 2000 8.15 8.26 8.48 8.65 
8 2200 9.08 9.47 9.52 9.63 
9 2400 9.7 9.93 10.2 10.36 
10 2500 9.76 10.05 10.39 10.5 
11 2600 9.98 10.21 10.32 10.4 
12 2800 10.52 1 10.64 1 10.79 10. 88 
13 3000 10.96 1 11.12 1 11.28 
. 11.34 
Table 7.15 B I, B2. B3 and B4 Fuels Brake Powers 
12 
10 
U, 
4 
Brake Power kW BI 
B2 
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B4 
00 C) RPM o000 0 W) 0 kr) 
Figure 7.04 Brake Power Series B Fuels 
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7.1.4 Brake Power Output, Series C Fuels 
Table 7.16 lists the millivolt output (mV), torque (Nm) and brake power (M) data from 
the 13 experiments with Cl fuel. Tables 7.17,7.18 and 7.19 give millivolt output (mV), 
torque (Nm) and brake power (M) for C2, C3 and C4 fuels respectively. 
Figure 7.05 demonstrates that CI fuel produced the lowest brake power output in the C 
series; approximately 16.1 % lower brake power output than Average Ref at 3000 rpm. C4 
fuel gave the least power deficit of 12.7% as compared with Average Ref at 3000 rpm. In 
comparison with A and B series, in which charcoal A was used, the C series exhibited a 
significant power deficit. 
Experiment RPM output mv lZue Nm Brake Power kW 
1 1000 2.92 28.9 
- 
3.03 
2 1200 3.01 2 9. 7 3 
3 1400 3.09 3,0.6 4.49 
3 1500 3.21 31.8 5 
5 1600 3.29 327- 5.46 
6 -T9W 3.37 
'- 
33.4 6.3 
7 2000 3.46 34.3 7.18 
8 2200 3.59 35.6 8.2 
9 2400 3.5 34.7 8.72 
10 15-0-0 3.42 33.9 8'. 88 
11 2600 3.35 33.2 
- 
9.04 
2800 3.27 32.4 9.5 
13 -3U55- 3.24 32.1 10.08- 
Table 7.16 Millivolt QuIput, TQrQue and Brake Powers For CI Fuel 
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Experiment RPM output mv Torque Nm Brake Power kW 
1 1000 2.97 29.4 3.08 
2 -T2-00 3.09 30.6 3.85 
3 1400 3.16 31.3 9 
3 1500 3.27 32.4 
5 1600 3.36 33.3 5.81 
6 1800 3.45 34.2 6.45 
7 2000 3.56 35.3 7.39 
8 2200 3.64 36.1 8.32 
9 2400 3.57 35.4 8.9 
10 - 2500 34.7 9.08 
11 2600 3.47 34.4 9.37 
12 - 2800 3.37 33.4 9.79 
13 3000 3.27 32.4 W- I 
Table 7.17 Millivolt Output. Torque and Brake-Powers For C2 Fuel 
Experiment RPM Output MV Torque Nm Brake Power kW 
1 1000 3.02 
'29.9 
3.13 
2 72-00 3.14 31.1 3.91 
3 14ý 3.22 31.9 4.68 
3 1500 3.32 32.9 5.17 
5 1600 3.41 33.8 5.66 
6 3.51 34.8 6 
7 3.61 35.8 7.5 
8 2200 1 3.75 37.2 8.57 
9 2400 3.65 36.2 9.1 
10 2500 3.56 35.3 9.24 
11 26W- 3.52 34.9 9.5 
3.41 33.8 9.91 
13 1 Owl 3.27 
32.8 
Table 7.18 Millivolt Output, Torque and Brake Powers For Q Fuel 
Experiment RPM output mv Torque Nm Brake Power kW 
1 1000 3.06 30.3 3.17 
2 -= - 3.17 31.4 5 
3 -14-W 3.29 32.6 4.78 
3 1500 1 -3.37 
33.4 5.25 
5 1600 3.47 34.4 5.76 
6 1800 3.54 35.1 6.62 
7 2000 3.65 36.1 7.56 
8 -mW 3.82 37.9 8.73 
9 2400 3.71 36.8 9.25 
10 2500 3.62 35.9 9.4 
11 2600 3.55 35.2 
12 28W 3.44 34.1 
' 
10.01 
-- 13 Fmwl - 3.37 33.4 10.4T 
Table 7.19 Millivolt Output. Torque and Brake Powers For C4 Fuel 
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Experiment RPM Brake Power kW 
cI 
Brake Power kW 
C2 
Brake Power kW 
C3 
Brake Power kW 
C4 
1 1000 3.03 3.13 3.08 3.17 
2 1200 3.73 3.91 3.85 3.95 
3 1400 4.49 4.68 4.59 4.78 
3 1500 5.0 5.17 5.09 5.25 
5 1600 5.46 5.66 5.81 5.76 
6 1800 6.3 6.56 6.45 6.62 
7 2000 7.18 7.5 7.39 7.56 
8 2200 8.2 8.57 8.32 8.73 
9 2400 8.72 9.1 8.9 9.25 
10 2500 8.88 9.24 9.08 9.4 
11 2600 9.04 9.5 9.37 9.58 
12 2800 9.5 9.91 9.79 10.01 
13 3000 10.08 10.3 10.18 10.49 
Table 7.20 C 1, C2, Q and C4 Fuels Brake Powers 
I- 
10 
U, 
I 
BrakePowerkWCI 
Ci- 
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C4 
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Figure 7.05 Brake Powers Series C Fuels 
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7.1.5 Brake Power Output, Series D Fuels 
Table 7.21 lists the millivolt output (mV), torque (Nm) and brake power (M) data from 
the 13 experiments with D1 fuel. Tables 7.22,7.23 and 7.24 give millivolt output (mV), 
torque (Nm) and brake power (W) data for D2, D3 and D4 fuels respectively. 
Table 7.25 and Figure 7.06 show that DI fuel gave the lowest brake power output in the 
D series. The reduction in power was the greatest with DI fuel, approximately 20.7% 
brake power less than Average Ref at 3000 rpm. The power loss decreased from DI to 
D4 fuels; the latter D4 fuel had the lowest power loss in the D series with brake power 
output of 12.9% less than that of Average Ref. The trends obtained from Series C and 
Series D were very similar, as was the case with series A and B. 
Experiment RPM 2TTut mv TorSue Nm Brake Power kW 7- -= 2.94 29.1 3.05 
2 1200 3.04 30.1 3.7F- 
3 1400 3.12 30.8 4.52 
3 1500 3.21 31.9 5.01 
5 1600 3.32 32.9 5.51 
6 -TOF 
- 
3.4 33.7 6.35 
7 TMF 3.48 34.5 7.2T- 
8 2200 3.62 35. 8.27 
9 2400 3.52 34.9 8.77 
10 2500 3.43 34 
- 
8.9 
11 2600 3.38 333 9.12 
12 I = 3.3 32.7 1 -9.59 
3 30W 1 3.28 32.5 1 10.2 
Table 7.21 Millivolt Output. Torgue and Brake Powers For DI Fuel 
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Experiment RPM output mv Torque Nm Brake Power kW 
1 1000 3 29.7 3.11 
2 1120-0 - 3.12 30.9 3.88 
3 -1-4-OT 3.16 31.3 4.59 
3 1500 1 3.28 32.5 '- 
5.11 
5 -1600 3.39 33.6 
, 
5.63 
6 1800 3.48 34.5 6.5 
7 -TO-O0 3.58 35.5 7.44 
8 2200 3.67 36.4 8.39 
9 2400 3.61 35.8 9.01 
10 2500 3.52 34.9 9.14 
11 2W 3.44 : 34.1 9.28 
12 2800 3.4 33.7 9.88 
13 -- F3FO-OWl 3.32 32.9 JO. AA 
Table 7.22 Millivolt Output, Torque and Brake Powers For-D2 Fuel 
EU2tajent - RPM OMUt mv 10mue Nm Brake Power kW 
1 1000 3.06 30.3 
--- 
3.17 
2 12T- 3.17 31.4 3.95 
3 F40-0 3.25 32.2 4.72 
3 1500 3.34 33.1 5.2 
5 1600 3.45 
'- 
34.2 5.73 
6 1800 3.56 35.3 6.65 
7 2000 3.63 36 7.54 
8 2200 3.79 37.6 8.66 
9 2405- 3.69 36.6 
--- 
9.2 
10 B-OF 3.61 T5.8 9.37 
11 760-F 3.54 35.1 9.56 
12 7orl 3.48 34.5 10.12 
13 3uuu 1 3.36 33.3 10.46 
Table 7.23 Millivolt Output. Torque and Brake Powers Far D3 Fuel 
Experiment RPM output mv I=ue Nm Brake Power kW 
1 1000 3.1 30.7 3.21 
2 200 3.21 31.8 4 
3 400 32.9 4.82 
3- -1500 3.4 33.7 5.29 
5 1600 3.49 34.6 5.8 
6 j800 3.59 35.6 6.7 r 
7 __ TO 0-0 3.69 36.5 7.65 
- 8 -2200 3.84 38.1 08 
9 2400 3.72 36.9 9.27 
10 -2-5W- 3.66 36.3 9.5 
II 26W 3.57 35.4 9.64 
12 2800 3.51 34.8 10-. 2 
- 13 3000 3.36 33.3 1 10. T6 
Table 7.24 Millivolt O=ut. TDroe and Brake Powers For D4 Fuel 
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Experiment RPM Brake Power kW 
DI 
Brake Power kW 
D2 
Brake Power kW 
D3 
Brake Power kW 
D4 
1 1000 3.05 3.11 3.17 3.21 
2 1200 3.78 3.88 3.95 4 
3 1400 4.52 4.59 4.72 4.82 
3 1500 5.01 5.11 5.2 5.29 
5 1600 5.51 5.63 5.73 5.8 
6 1800 6.35 6.5 6.65 6.71 
7 2000 7.23 7.44 7.54 7.65 
8 2200 8.27 8.39 8.66 8.78 
9 2400 8.77 9.01 9.2 9.27 
10 2500 8.9 9.14 9.37 9.5 
11 2600 9.12 9.28 1 9.56 1 9.64 
12 2800 9.59 9.88 10.12 10.2 
13 3000 9.53 10.34 10.46 10.46 
Table 7.25 D I, D2. D3 And D4 Fuels Brake Powers 
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Figure 7.06 Brake Powers Series D Fuels 
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7.1.6 Brake Power Output, Series E Fuels 
Table 7.26 lists the millivolt output (mV), torque (Nm) and brake power (M) data for the 
13 experiments with El fuel. Table 7.27 summarises similar data for the 13 experiments 
ý with E4 fuel. 
Table 7.28 and Figure 7.07 show that El fuel gave a lower brake power output than E4 
fuel. The brake power output of E series was very similar to that of the A series. EI fuel 
gave 9.5 % less, and E4 fuel 6.6 % less brake power output than Average Ref at 3000 rpm, 
In fact the E series brake power output performance was indistinguishable from that of the 
A series. 
Experiment RPM output mv Torque Nm Brake Power kW 
I luW 3.24 32.1 3.36 
2 
- 
3.34 33.1 4.16- 
3 74W 3.49 34.6 5.07 
3 1500 3.66 36.3 5.7 
5 1600 3.72 36.9 
6 3.85 38.1 7.1 F- 
7. ..... 2'6W 3.91 38.7 8.1 
8 2200 3.99 39.5 9.1 
9 245F 
- - 
3.9 
--- 
38.6 ' --'9.7 
10 2 5W 7.76 37.3--- 9.77 
11 3.68 36.5 9.94 
12 3.61 35.8 10.5 
13 3000 3.49 34.6 10.87 
Table 7.20-Millivolt Output. 
-T"r ue and 
Brake Powers For EI Fu 
Experiment RPM Output MV LcZ]ue Nm Brake Power kW 
1 1000 
- 
3.4 33.7 3.53 
2 12W 3.58 35.5 4.46 
3 T-40-0 3.81 37.8 5.54 
3 1500 3.92 38.8 6.1 
5 19W 4.06 40.2 6.74 
6 1800 
- - 
4.14 41 7.73 
7 Tom 4.23 41.9 8.78 
8 2200 4.9 40.6 9.35 
9 246F 4.02 39.8 DG 
10 -2-5T- 3.93 38.9 10.18 
11 2 3.8 37.7 10.26 
12 
- 
2 00 
* 
3.7 36.7 10.76- 
13 3.6 35.7 11.22 
Table 7.27 Millivolt QuIput. Tarque and Brake Powers For E4 Fuel 
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Experiment RPM Brake Power kW EI Brake Power kW E4 
1 1000 3.36 3.53 
2 1200 4.16 4.46 
3 1400 5.07 5.54 
3 1500 1 5.7 6.1 
5 1600 6.18 6.74 
6 1800 7.18 7.73 
7 2000 8.1 8.78 
8 2200 9.1 9.35 
9 2400 9.7 10 
10 2500 9.77 10.18 
11 2600 9.94 10.26 
12 2800 10.5 10.76 
13 3000 10.87 11. 
Table 7.28 EI And E4 Fuels Brake Powers 
12 
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BrakePowerkWEI 
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Figure 7.07 Brake Powers Series E Fuels 
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7.1.7 Brake Power Output, Series F Fuels 
Table 7.29 lists the millivolt output (mV), torque (Nm) and brake power (M) data from 
the 13 experiments with FI fuel. Table 7.30 summarises similar data for the 13 
experiments with F4 fuel. 
Table 7.31 and Figure 7.08 show that Fl. fuel gave a lower brake power output than F4 
fuel and 8.4% lower brake power output than Average Ref. F4 fuel 5.8% lower brake 
power output than Average Ref fuel at 3000 rpm. The power outputs from the F series 
fuels were very similar to those from the B series. 
Experiment RPM Output MV Torque Nm Brake Power kW 
1 1000 3.26 32.3 3.38 
2 1200 3.34 33.1 
--- 
4.16 
3. ...... T40-0 3.52 ýU ' ---3-. 12 
3 1500 3.69 36.6 5.75 
5 3.74 37.1 6.22 
ZT- 1800 3.86 38.2 7.2 
7 -T07M- 3.96 39.2 
8 2200 4 39.6 
- 
9.12 
9 2400 
- 
3.91 ' -78.7 9.73 
I0 T5-0- 3.78 37.5 9.82 
_ 11 2600 1 3.7 36.7 10.0 12 2800 1 3.54 10.29 
13 3000 1 3.53 35 11 
Table 7.29 Millivolt Output. Torque and Brake Powers For Fl. Fuel 
Experiment RPM Output MV Torque Nm Brake Power kW 
1 1000 3.43 34 3.56 
2 -ITOF 3.6 35.7 4.49 
3 -T-4-00 3.82 37.9 5.56 
3 1500 3.92 38.9 6.11 
5 
- " 
4.05 40.1 
- - 
6.7F- 
6 - 
- 
-I-mi- 4.16 4 4T. 2 7.77 
T -TMF 4.25 42.1 8.82 
8 2200 4.12 40.8 9.4 
9 
- 
2400 4.02 10 
TO- -2350- 3.96 39.2 10.26 
1 11 1600 3.8 1 37.7 10.27 
1- 21 7- 80-1 3.72 1 36.9 10.82 
1: 3 1 3000 1 3.63 1 36 11.31 
Table 7.30 Millivolt Output. 1=ue and Brake Powers For F4 Fuel 
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Experiment RPM Brake Power kW Fl Brake Power kW F4 
1 1000 3.38 3.56 
2 1200 4.16 4.49 
3 1400 5.12 5.56 
3 1500 5.75 6.11 
5 1600 6.22 6.72 
6 1800 7.2 7.77 
7 2000 8.21 8.82 
8 2200 9.12 9.4 
9 2400 1 9.73 10 10 2500 9.82 10.26 
11 2600 10 10.27 
12 2800 10.29 10.87 
13 3000 11 11.31 
Table 7.31 FI And F4 Fuels Brake Powers 
12 
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Figure 7.08 Brake Powers Series F Fuels 
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7.1.8 Brake Power Output, Series G Fuels 
Table 7.32 lists the millivolt output (mV), torque (Nm) and brake power (kW) data from 
the 13 experiments with GI fuel. Table 7.33 summarises similar data for the 13 
experiments with G4 fuel. 
Table 7.34 and Figure 7.09 demonstrate that GI fuel gave a lower brake power output than 
G4 fuel. GI fuel gave 16.97o less and G4 gave 13.7% less brake power than Average Ref 
at 3000 rpm. Ile power outputs of both GI fuel and G4 fuel were very similar to those of 
Cl fuel and C4 fueL In fact the brake power outputs for the G series appear to be 
indistinguishable from those of the C series. 
112! ýaent RPM Ou! Rut mv lZueNm Brake Power kW 
1 1000 2.99 28.7 3.01 
2 1200 2.97 29.4 3.69 
3 W 14 0 3.07 30.4 4.46 
3 1500 3.18 31.5 4.95 
5 1600 3.27 32.4 5.4Y- 
- 6 -mu- 3.33 33 6.27 
- 7 2000 3.43 34 7. IT 
8. ...... 2,2zW 3.55 35.2 8.1 
9 3.46 34.3 8.6 
10 --25-55- 3.35 33.2 8.68 
f--1 -2-60(Y-1 - 3.3 32.7 8.9 
12 2800-1 - 32 9.38 
13 3000 1 3.21 -TrIF- 9.98 
i ame i.. jz minivon uuwut. i 9-r-que ana 15raKe FOWM vor u1 tuel 
Experiment PM ouu! ut mv Torque Nm Brake Power kW 
1 1000 3.01 29.8 3.12 
2 
- 
-= 3.14 31.1 --- 
- 
3.91 
7- 74W 3.28 32.7 4.76 
3 1500 3.39 33.6 5.28 
5 1600 3.42 33.9 
- - 
5.68 
9- 7 -8W 3.49 3 4 . 
6- 6.52 
7 2000 3.62 35.9 7.52 
8 2200 3.79 37.6 8.66 
9 2400 3.67 36.4 9.15 
10 2500 3.55 9.22 
11 1 2600--l - 3.51 34.8 9.48 -12- 2800 3.4 33.7 9.88 
13 3000 3. T3 33 10.37 
Table 7.33 Millivolt OpZut. Tqrque and Brake Powers For G4 Fuel 
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. 
Experiment RPM Brake Power kW GI Brake Power kW G4 
1 1000 3.01 3.12 
2 1200 3.69 3.91 
3 1400 4.46 4.76 
3 1500 1 4.95 5.28 
5 1600 5.43 5.68 
6 1800 6.22 6.52 
7 2000 7.12 7.52 
8 2200 8.1 8.66 
9 2400 8.6 9.15 
10 2500 8.68 9.22 
11 2600 8.9 9.48 
12 2800 9.38 
--- 
9.88 
- 13 3000 9.9 8 r 10.37 
Table 7.34-G I And G4 Fuels Brake Powers 
12 
10 
CE 
4 BrakePowerkWGI 
G4 
RPM col cl m (n 
Figure 7.09 Brake Powers Series G Fuels 
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7.1.9 Brake Power Output Series H Fuels 
Table 7.35 lists the millivolt output (mV), torque (Nm) and brake power (M) data from 
the 13 experiments with HI fuel. Table 7.36 summarises similar data for the 13 
experiments with H4 fuel. 
Table 7.37 and Figure 7.10 demonstrate that the brake power outputs of the H series 
fuels were very similar to those of the D series fuels. HI fuel showed a brake power 
output deficit of 17.9% and H4 fuel of 13.9% compared to Average Ref at 3000 rpm. In 
fact the brake power output performances of HI and H4 fuels were indistinguishable 
from those of DI and D4 fuels. 
Experiment RPM Output MV Torque Nm Brake Power kW 
1000 2.9 28.7 3.01 
2 1200 2.98 29.5 3.71 
3 770-0 3.07 30.4 4.46 
3 1500 3.19 31.6 4.96 
5 1600 - --7.74 32.1 5.38 
6 "-l"-8W 
- 
3.32 32.9 
_ 
6.2 
7 TO O0 3.41 F3.8 7. OF- 
8 2200 3.55 35.2 8.11 
9 2400 
- 
3.47 34.4 8.65 
10 73W 3.41 33.8 8.85 
11 -T6W- 3.34 33.1 9.0 r- 
12 2800 3.22 31.9 9.3Y- 
13 TO -00 3.17------ r- 31.4 9.86 1 
i ame /.. j: ) manvoit vuTput. i "r ue ana l3raKe FOWerS POr HI IUel 
E12ýýent RPM Ou! 5! ut mv Toglue Nm Brake Power kW 
1 3.07 30.4 3.18 
T- --F200 3.17 3.95 
3 --I-4W 3.29 32.6 4.78 
3 1500 3.38 33.5 5.26 
5 IMF 
- 
3.44 34.1 5.71 
6 MiT 3.55 35.2 6.64 
7 3.64 36.1--- 7.56- 
3.8 37.7 8.69 
9 2400 3.67 36.4 9.15 
10 2500 3.63 36 9.4f- 
11 -T6W 3.54 35.1 9.56 
12 1 2800 3.48 1 34.5 1 10.12 13 1 3000 3.32 1 32.9 1 P734 
i aDie /. jo minivoit v=ui. i arAue anu iDraKt; rowers iror w irue, 
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Experiment RPM Brake Power kW HI Brake Power kW H4 
1 1000 3.01 3.18 
2 1200 3.71 3.95 
3 1400 4.46 4.78 
3 1500 4.96 5.26 
5 1600 5.38 5.71 
6 1800 6.2 6.64 
7 2000 7.08 7.56 
8 2200 8.11 8.69 
9 2400 8.65 9.15 
10 2500 8.85 9.42 
11 2600 9.01 9.56 
12 2800 9.35 1 10.12 
13 3000 9.86 1 10.34 
Table 7.37 HI and H4 Fuels Brake Powers 
12 
10 
6 
Brake Power kW HI 
H4 
RPM 2n cq cli m Cl) 
Figure 7.10 Brake Powers Series H Fuels 
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7.2 Carbon Dioxide Emissions 
7.2.1 Carbon Dioxide Emissions from Reference and Experimental Fuels 
The data for C02 emissions of A Ref, B Ref, C Ref and D Ref fuels are shown in Table 
7.38 together with the average C02 emissions of the four references (Average Ref fuel). 
Figure 7.11 shows that when the readings for the four reference fuels were compared there 
was good agreement. The maximum difference between the 4 reference fuels was only 
2.1%. 
Experiment RPM % C02 
emission A 
Ref 
% C02 
emission B 
Ref 
% C02 
emission C 
Ref 
% C02 
emission D 
Ref 
% C02 emission" 
(average of AB, C 
and D Ref) 
Average Ref 
1 1000 8.4 8.6 8.6 
- - - 
8.6 
-- - 
8.6 
- 2 -1200 --- 8.6 8.8 9 .7 . 
FT 8.7 
3 -T 4-M - -9-7- 8.9 8.8 9.1 8.9 
3 75-W 9.1 9.2 9.3 9.2- 
5 1600 
- 
9.1 9.2 9.3 9.2 
6 -I8W ---T3 9.4 9.4 9.5 9.4 
7 -700-0 -9.5 9.6 9.7 9.9 -----9-. 7 
--22M- ----9-. 8 10 10 10.1 --f" 
9 2400 9.9 10.2 10.2 10.3 10.2 
10 -= --- ruT- 10.3 10.2 10.4 10.3 
11 
- - 
260-F -I ý. 2 10.4 10.4 10.4 
TT 1 10.5 1 10.6 10.7 0.6' 13 1 3000 10.6 1 10.9 10.9 10.9 J 
- 
10.9 
Table 7.38 
_CD2 
Emissions A. B, C. D Ref Fuels and Average Ref. 
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Figure 7.1 I_CQ2 Emissions A. B, C and D Ref Fuels 
7.2.2 C02 Emissions, Series A Fuels 
As shown in Table 7.39 the % C02 in the exhaust emission increased as the speed was 
increased from 1000 rpm to 3000 rpm for each of the test fuels AI to A4. The results 
plotted in Figure 7.12 confirm that the increase was, for all practical purposes, linear and 
that the ranking in terms of % C02 was AI to A4. AI gave the lowest emission of C02 in 
the A series, 16.6% less than Average Ref at 3000 rpm. A4 gave the highest C02 
emission in the A series, with 9.3% less C02 than Average Ref at 3000 rpm. 
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Expenment RPM Al C02% A2 C02% A3 C02% A4 C02% 
1 1000 6.9 7 7.2 7.5 
2 1200 7.1 7.2 7.5 7.8 
3 1400 7.3 7.5 7.8 8 
3 1500 7.5 7.6 7.9 8.1 
5 1600 7.6 7.8 8.2 8.5 
6 1800 7.8 8 8.4 8.7 
7 2000 8 8.2 8.6 8.9 
8 2200 8.3 8.5 8.8 9.1 
9 2400 8.4 8.7 9 9.3 
10 2500 8.6 8.8 9.1 9.4 
11 2600 8.9 9 9.3 9.5 
12 1 2800 1 9 9.1 1 9.4 9.7 
13 1 3000 1 9.1 9.3 1 9.6 9.9 
fable 7.39 CO,?, Emission Al. A2. A3 and A4 Fuels 
0 
E 
o. 
I& 
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AI C02 
A2 
7- 
A3 
A4 
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Figure 7.12 CQ2 EFnissions Se; es A Fuels " 
7.2.3 C02 Emissions, Series B Fuels 
Table 7.40 summarises C02 emission data from the 13 experiments for B 1, B2, B3 and 
B4 fuels. Figure 7.13, shows that BI fuel gave the lowest C02 emission in the B series 
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fuels at 3000 rpm. From BI to B4 fuel there was a steady increase in the C02 emissions as 
compared with Average Ref BI ftiel gave a 16.5% and B4 a fuel 8.3% lower C02 
emission level than Average Ref at 3000 rpm. 
Experiment RPIM BI C02% B2 C02% B3 C02% B4 C02% 
1 1000 6.8 7 7.1 7.4 
2 1200 6.9 7.1 7.3 7.6 
3 1400 7.2 7.3 7.6 7.9 
3 1500 7.3 7. 7.7 8 
5 1600 7.4 7.7 8 8.3 
6 1800 7.7 7.9 8.2 8.5 
7 2000 8.2 8.1 8.4 8.7 
8 2200 8.3 8.4 8.6 8.9 
9 2400 8.4 8.6 8.8 9.2 
10 2500 8.5 8.7 8.9 9.3 
11 2600 8.8 8.9 9.1 9.5 
12 2800 8.9 9 9.2 9.7 
13 3000 9.1 9.2 9.4 1 10 
i awe /Au UQ2 Emissions B 1. B2, Bi and B4 Puels 
II 
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RPM C14 cn en Figure 7.13 CQ2 Emissions Series B Fuels 
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7.2.4 C02 Emissions, Series C Fuels 
Table 7.41 summarises C02 emissions for the 13 experiments with Cl, C2, C3 and C4 
fuels. Figure 7.14 shows that CI fuel gave the lowest value of C02 emission in the C series 
fuels at 3000 rpm. Compared to Average Ref, 28.5 % less C02 was emitted by CI fuel at 
3000 rpm. The level of C02 emissions increased from CI to C4; the latter emitted 23.9% 
less C02 than the Average Ref at 3000 rpm. 
Expenment RPM Cl C02% C2 C02 % C3CO2% C4CO2%- 
1 1000 5.9 6 6.2 6.3 
2 1200 6.1 6.2 6.4 6.5 
3 1400 6.2 6.3 6.5 6.8 
3 1500 6.4 6.6 6.8 6.9 
5 1600 6.5 6.7 6.9 7 
6 1800 6.7 6.9 7.1 7.2 
7 2000 6.9 7 7.2 7.4 
8 2200 7 7.1 7.2 7.5 
9 2400 7.2 7.4 7.5 7.7 
10 2500 7.3 7.5 7.6 7.8 
11 2600 7.4 7.6 7.7 8 
12 2800 7.5 1 7.6 1 7.8 8.2 
13 3000 7.8 1 7.9 1 8.1 8.3 
I aDie /Al LQ2 Emissions ct, cz. ui an(I U4 tueis 
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Figure 7.14 CQ2 Emissions Series C Fuels 
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7.2.5 C02 Emissions, Series D Fuels 
Table 7.42 summarises C02 emissions data from the 13 experiments with DI, D2, D3 and 
D4 fuels. Figure 7.15 shows that DI fuel had the lowest C02 emissions in the D series. 
There was an increase in the amount of C02 produced from DI to D4 fuels. DI fuel 
generated 29.5 % lower and D4 a 25.8 % lower level of emission of C02 than Average Ref 
at 3000 rpm. 
Expefiment RPM DI CO? % D2 C02% D3 C02% I D4 C02% 
1 1000 5.8 5.9 6 6.1 
2 1200 5.9 6.1 6.2 6.3 
3 1400 6.1 6.2 6.3 6.6 
3 1500 1 6.2 6.5 6.6 6.7 
5 1600 6.3 6.6 6.7 6.9 
6 1800 6.6 6.8 7 7 
7 2000 6.7 6.9 7.1 7.2 
8 2200 6.8 7 7.2 7.3 
9 2400 7.1 7.2 7.4 7.5 
10 2500 7.2 7.3 7.5 7.6 
11 2600 7.4 7.5 7.6 7.9 
12 2800 7.5 7.6 7.8 1 8 
13 3000 7.7 7.8 7.9 
.1 
8.1 
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8 
7.5 
C 
E 
u 
cli 07 0 
6.5 
6 
5.5 
D1 C02 
D2 
---0- D3 
D4 
0000000 00 RPM 
r1l cli CV) (v) 
Figure 7.15 C02 Emissions Series D Fuels 
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7.2.6 C02 Emissions, Series E Fuels 
Table 7.43 summarises C02 emissions data from the 13 experiments for test fuels EI and 
E4. Figure 7.16 shows that El fuel emitted 17.7% less and E4 fuel 10.0% less C02 than 
Average Ref at 3000 rpm. 
Expenment RPM El CO, )% E4 C02% 
1 1000 7 7.5 
2 1200 7.1 7.7 
3 1400 7.2 8 
3 1500 7.5 8.1 
5 1600 7.6 8.4 
6 1800 7.8 8.7 
7 2000 8 8.9 
8 2200 8.3 9 
9 2400 8.4 9.3 
10 2500 8.5 9.4 
11 2600 8.9 9.5 
12 2800 9 96 
13 3000 9.1 9.8 
fable 7.43 ýM Emissions EI and E4 Fuels 
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Figure 7.16 C02 Emissions Series E Fuels 
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7.2.7 C02 Emissions, Series F Fuels 
Table 7.44 summarises C02 emissions data from the 13 readings for test fuels FI and F4. 
Figure 7.17 shows FI fuel emitted less C02 than F4 fuel, i. e. F1 emitted 16.5% less and 
F4 fuel 8.4% less C02 than Average Ref at 3000 rpm. 
Experiment RPM Fl C02% F4 C02% 
1 1000 6.8 7.3 
2 1200 6.9 7.6 
3 1400 7.4 7.9 
3 1500 1 7.3 8 
5 1600 7.4 8.2 
6 1800 7.8 8.5 
7 2000 8.2 8.7 
8 2200 8.3 8.9 
9 2400 8.5 9.3 
10 2500 8.5 9.4 
11 8.8 9.5 
12 2800 9 9.8 
13 3000 9.1 10 
I aDle /. 44_ýM Emissions FI and F4 Fuels 
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Figure 7.17 C02 Emissions Series F Fuels 
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7.2.8 C02 Emissions, Series G Fuels 
Table 7.45 summarises C02 emissions data from the 13 experiments for test fuels GI and 
G4. Figure 7.18 shows GI emitted less C02 than G4 fuel. GI emitted 28.5 % less and G4 
fuel 22.9% less C02 than Average Ref at 3000 rpm. 
Expenment RPM GIC02% G4CO2% 
1 1000 5.9 6.4 
2 1200 6.2 6.5 
3 1400 6.2 6.9 
3 1500 1 6.5 6.9 
5 1600 6.6 7.1 
6 1800 6.7 7.3 
7 1000 6.9 7.4 
8 2200 7.1 7.5 
9 2400 7.2 7.7 
10 2500 7.3 7.9 
11 2600 7.5 8 
12 2800 7.6 8.3 
13 3000 7.8 8 
I able -1.45 LQ2 Emissions Series Q Fuels 
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7.2.9 C02 Emissions, In Series H Fuels 
Table 7.46 surnmarises C02 emissions data from the 13 experiments for test fuels HI and H4. 
Figure 7.19 and Table 7.45 show that HI fuel emitted less C02 than H4 fuel, i. e. HI fuel 
emitted 28.5 % less and H4 24.9% less C02 than Average Ref at 3000 rpm. 
Expenment RPM HI C02% H4 C02% 
1 1000 5.9 6.2 
2 1200 6 6.3 
3 1400 6.1 6.6 
3 1500 6.2 6.8 
5 1600 6.4 6.9 
6 1800 6.6 7.1 
7 2000 6.8 7.2 
8 2200 6.8 7.4 
9 2400 7.1 7.6 
10 2500 7.3 7.8 
11 26M 7.4 7.9 
12 2800 7.6 8 
13 3000 7.8 8. 
Table 7.46 CQ2 Emissions Series H Fuels 
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7.3 Carbon Monoxide Emissions from Reference and Experimental 
Fuels 
7.3.1 Carbon Monoxide Emissions from Reference Fuels 
The total CO emission contents data from the 13 experiments with the four reference fuels 
Ref A, Ref B Ref C and Ref D are shown in Table 7.47. The average ppm CO at various 
speeds (rpm) of the four reference fuels are also given in Table 7.47 as Average Ref. From 
Figure 7.20 the maximum difference was between Ref B and Ref D fuels. This difference 
was 
Experiment RPM PPM CO Ref 
A 
PPM CO Ref 
B 
PPM CO Ref 
c 
PPM CO Ref 
D 
Average Ref 
PPM CO 
- 1 1000 873 867 878 862 870 
1200 759 777 785 782 776 
3 1400 719 735 729 723 727 
3 1500 701 
- - 
714 
- 
7T8 
- 
717 
5 1600 68 5 694 - 09- 703 695 
1800- 639 6 647 651 645 
7 2000 637 623 617 631 627 
8 
- 
567 579 572 
- - 
562 570 P 
9 2400 532 555 5 59 545 54 
0 2500 511 521 525 517 519 
11 
- 
2600- 
- 
499-1 - 08 
- 
511 502 505 
72 2800 465 T7 3 
- 
460 
' 
469 
- 13 7TOW 425 41T 1 416 1 417 1 - 419 
Table 7.47 CO Emissions A ReL B Ref. C Ref and D Ref Fuels 
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7.3.2 CO Emissions, Series A Fuels 
Table 7.48 summarises CO emissions data from the 13 experiments with A 1, A2, A3 and 
A4 fuels. Figure 7.21 shows that AI fuel produced the least amount of CO in the A series. 
At 3000 rpm AI fuel produced 17.5 % less CO than Average Ref The CO content emitted 
increased from AI to A4 fuels, but the latter still produced 12.9% less CO emission than 
Average Ref fuel at 3000 rpm. 
Experiment , RPM PPM CO Al PPM CO A2 PPM CO A3 ý PPM CO A4 
1 1000 787 796 809 819 
2 1200 705 718 730 741 
3 1400 642 656 678 690 
3 1500 1 616 626 633 641 
5 1600 581 594 605 618 
6 1800 564 573 589 597 
7 2000 518 533 549 564 
8 2200 506 516 528 531 
9 2400 458 471 485 496 
10 2500 417 429 446 459 
11 2600 383 397 406 418 
12 2800 363 372 381 390 
3000 346 353 357 
i ame /. 46 UU Emissions A I, A2., A-i an(I A4 tueis 
VUL 
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Figure 7.21 CO Emissions Series A Fuels 
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7.3.3 CO Emissions, Series B Fuels 
Table 7.49 summarises CO emissions data from the 13 experiments with B 1, B2, B3 and 
B4 fuels. Figure 7.22 shows that BI fuel produced the least amount of CO in the B 
series, i. e. 19.5 % less CO than Average Ref at 3000 rpm. 'Me CO content emitted 
increased from BI to B4 fuels, but the latter still produced 14.4% less CO emission than 
Average Ref fuel at 3000 rpm. 
Experiment RPM PPM Co B1 PPM CO B2 PPM CO B3 PPM CO B4 
1 1000 783 793 803 813 
2 i2-00 -699 717 726 737 
3 74-M- 637 651 685 
3 1500 613 623 628 635 
.5 
1600 577 589 599 612 
6 1800 560 568 583 595 
7 2000 520 529 545 560 
8 2200 503 512 523 
- 
527 
- 452 468 479 789 
416 422 441 452 
11 -16w- 378 393 401 417 
12 1 2800 359 377 
3000 342 347 1 352 1 399 
Table 7.49 CO Emissions B I. B2. B3 and B4 Fuels 
229 
900 
800 
Im 
0 700 
u 
600 
500 
400 
300 
RPM 
0 
Figure 7.22 CO Emission Series B Fuels clý cn cn 
7.3.4 CO Emissions, Series C Fuels 
Table 7.50 summarises CO emissions data from the 13 experiments with C 1, C2, C3 and C4 
fuels. Figure 7.23 shows that CI fuel produced the least amount of CO in the C series, i. e. 
34.9% less CO than Average Ref at 3000 rpm. There was an increase in the amount of CO 
produced from CI to C4 fuels but the latter still produced 27.5 % less CO than Average Ref 
at 3000 rpm. 
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Experiment RPM PPM Co C1 PPM CO C2 ' PPM CO C3 PPM CO C4 
1 1000 693 707 718 730 
2 1200 627 645 652 662 
3 1400 571 583 590 606 
3 1500 540 551 563 574 
5 1600 481 493 504 519 
6 1800 452 467 478 793 
7 2000 422 431 442 458 
8 2200 400 413 427 439 
9 2400 380 392 403 417 
10 2500 359 370 381 390 
11 2600 298 309 329 338 
12 2800 282 1 296 1 303 315 17 
13 3000 273 1 282 1 294 304 
Table 7.50 CO Emissions Cl, C2. Q and C4 Fuels 
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Figure 7.23 CO Emission Series C Fuels 
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7.3.5 CO Emissions, Series D Fuels 
Table 7.51 summarises CO emissions data from the 13 experiments with DI, D2, D3 and 
D4 fuels. Figure 7.24 shows that DI fuel produced the least amount of CO in the D 
series, i. e. 36.4% less CO emission than Average Ref at 3000 rpm. There was an 
increase in the amount of CO produced from DI to D4 fuel but even the latter produced 
28.5% less CO than Average Ref at 3000 rpm. 
i Experiment RPM 
- - 
PPM CO DI 
' 
PPM CO D2 
- - - 
PPM CO D3 PPM CO D4 
I Tw o 692 7 7U2 711 724 
- 
623 639 6 657 
7 72UT' 568 578 647 599 
3 
- 
1500 
- 
536 546 558 569 
Y 1600 476 489 499 512 
6 1800 447 461 -4-67- 487 
7 
_2000 
417 427 437 451 
2200 1 396 408 
-- - 
421 433 
9ý- 2400 
- - 
375 7p 397 411 
10 - 
- 
T5m 
- - 
535 364 7 
- 
383 
11 T6 00 296 303--' --M5 331 
12 2800 278 289 297 -1 ........... w 
13 
_2_67 _277_ 
291 1 300 
i auic /.: ) i i-v missions v i. ijL. ij. ý ana IJ4 Met 
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Figure 7.24 CO Emissions Series D Fuels 
7.3.6 CO Emissions, Series E Fuels 
Table 7.52 summarises CO emissions data from the 13 experiments with EI and E4 fuels. 
Figure 7.25 shows that EI fuel produced the lowest amount of CO in the E Series, 17.9% less 
CO than Average Ref at 3000 rpm. E4 fuel produced 13.4% less CO than A Ref at 3000 rpm. 
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Experiment RPM PPM CO EI PPM CO E4 
1 1000 782 817 
2 1200 702 740 
3 1400 643 687 
3 1500 1 616 643 
5 1600 583 618 
6 1800 565 595 
7 2000 521 566 
8 2200 506 530 
9 2400 459 496 
10 2500 417 461 
11 2600 385 418 
12 2800 365 390 
L 13 3000 344 363 
Table 7.52 CO Emissions EI and E4 Fuels 
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Figure 7.25 CO Emissions Series E Fu 
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7.3.7 CO Emissions, Series F Fuels 
Table 7.53 summarises, CO emissions data from the 13 experiments with Fl and F4 
fuels. Figure 7.26 shows that FI produced the least amount of CO in the F fuels 
Series i. e. 17.9% less than Average Ref at 3000 rpm. F4 produced 14.1 % less CO 
emission than Average Ref at 3000 rpm. 
Expenment i : RPM PPM CO FI ' PPM CO F4 
1 1000 782 815 
2 1200 698 739 
3 1400 636 687 
3 1500 614 634 
5 1600 579 611 
6 1800 558 597 
7 2000 518 559 
8 2200 505 529 
9 2400 454 491 
10 2500 418 454 
11 2600 381 421 
12 2800 361 386 
13 3000 344 360 
Fable 7.53 CO Emissions Fl and F4 Fuels 
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Figure 7.26. CO Emissions Series F Fuels 
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7.3.8 CO Emissions, Series G Fuels 
Table 7.54 summarises CO emissions data from the 13 experiments with GI and G4 fuels. 
Figure 7.27 shows that GI fuel produced the least amount of CO in the G Series i. e. 34.2 % 
less CO than Average Ref at 3000 rpm. G4 fuel produced 29.3% less CO emission than 
Average Ref at 3000 rpm. 
Experiment RPM PPM CO Gl PPM CO G4 
1 1000 695 728 
2 1200 626 664 
3 1400 570 609 
3 1500 538 576 
5 1600 479 517 
6 1800 457 489 
7 2000 418 455 
8 2200 397 437 
9 2400 378 415 
10 2500 363 388 
11 2600 303 335 
12 2800 285 312 
13 3000 276 301 
i ame /.: )4 UU Lmissions (j i and LA tueis 
80( 
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Figure 7.27 CO Emissions Series G CA 
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7.3.9 CO Emissions, Series H Fuels 
Table 7.55 summarises CO emissions data from the 13 experiments with HI and H4 fuels. 
Figure 7.28 shows that HI fuel produced the least amount of CO in the H series i. e. 36.9 
less CO than Average Ref at 3000 rpm. H4 produced 33.7% less CO emission than 
Average Ref at 3000 rpm. 
Experiment : RPM PPM CO Hl PPM CO H4 
1 1000 693 723 
2 1200 625 656 
3 1400 569 600 
3 1500 534 568 
5 1600 474 510 
6 1800 445 
ý489 7 2000 419 449 
8 2200 398 435 
9 2400 376 412 
10 2500 354 385 
11 2600 297 333 
12 2800 180 310 
13 3000 265 278 
i able -/. ' : )-") UQ Emissions HI and H4 Fuels 
800 
700- 
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Figure 7.28 CO Emissions Series H Fuels 
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7.4 Hydrocarbon Emissions 
7.4.1 Hydrocarbon (HC) Emissions from Reference Fuels 
Data for HC emissions of reference fuels A, B, C and D Ref are summarised in Table 7.56 . 
The values are plotted in Figure 7.29 . Also in Table 7.56 the average HC PPM at various 
speeds (RPM) of the four reference fuels are given as Average Ref. 
Expefiment RPM A Ref HC PPM B Ref HC PPM C Ref HC PPM D Ref HC PPM Avcrt,, c RcfPPM 
1 1000 207 203 214 206 208 
2 1200 198 195 193 191 194 
3 1400 182 179 182 179 181 
3 1500 178 178 180 175 178 
5 1600 173 175 171 172 173 
6 1800 162 167 167 165 165 
7 )Ooo 168 166 172 171 169 
8 2200 175 177 180 181 178 
9 2400 182 181 187 184 184 
10 2500 186 187 189 190 188 
11 2600 191 193 195 197 194 
12 2800 198 199 203 203 201 
13 3000 203 201 205 204 203 
I at)le'/. )6 HU Emissions A Ret. 8 Ket. U Ket and L) Ket 
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Figure 7.29 HC Emissions A. B. C and Dkef Fuels"' 
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7.4.2 HC Emissions, Series A Fuels 
Table 7.57 shows that the total hydrocarbon emissions for fuels Al to A4 each tended to a 
minimum at an intermediate speed between 1000 rpm and 3000 rpm. The data plotted in Figure 
7.30, confirm that the magnitude of the emissions were ranked in the order AI to A4. The 
minimum HC output lay between 1800 and 2000 rpm. Figure 7.30 shows that A4 had the 
lowest HC emission of 24.2% less than Average Ref at 3000 rpm. From A4 the order of 
increase in HC emission was A3, A2 and AI respectively, but the latter still emitted 18.8% less 
HC than Average Ref at 3000 mm- 
. 
Expefiment RPM I HF ; PM A2 HC PPM A3 HC PPM A4 HC PPM 
1 1000 166 164 162 158 
2 1200 153 151 143 145 
3 1400 144 141 139 136 
3 1500 135 132 128 124 
5 1600 129 127 125 123 
6 1800 126 123 124 120 
7 2000 124 118 121 118 
8 2200 131 126 114 115 
9 2400 145 141 138 135 
10 2500 151 148 145 141 
11 2600 154 151 149 146 
12 2800 157 153 151 148 
13 3000 165 161 158 154 
i aDie /.: ) / HU EmissionS Al. A2. AJ. ana A4 IUeIS 
200 
180 
U 
E 
160 
140, 
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W) V*) RPM C, W) 
Figure 7.30 HC Emissions Se; es A FueK C11 
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7.4.3 HC Emissions, Series B Fuels 
As shown in Table 7.58 the total hydrocarbon emissions for fuels BI to B4 each tended towards 
a minimum at an intermediate speed between 1000 rpm and 3000 rpm. The data plotted in Figure 
7.3 1, confirm that the emissions were ranked in decreasing order from BI to B4. 
The minimum HC output lay between 1800 and 2000 rpm. B4 generated the lowest HC 
emission in the B series, i. e. 26.6 % less HC than Average Ref at 3000 rpm. The order of 
increase was B3, B2 and BI respectively; the latter emitted 20.8% less HC than Average Ref at 
3000 mm- 
Experiment RPM BIHCPPM B2HCPPM B3HCPPM B4HCPPM 
1 1000 162 160 159 155 
2 1200 149 149 140 143 
3 1400 141 139 136 134 
3 1500 132 129 126 122 
5 1600 126 124 124 121 
6 1800 123 120 123 118 
7 2000 119 116 119 113 
8 2200 129 123 121 116 
9 1400 143 139 135 133 
10 2500 148 147 142 139 
11 2600 152 149 146 143 
12 
- 
2800 
- w 
153 151 148 145 
13 
t ý3ý 
161 158 155 151 
I able 7.58 HC Emissions B 1, B2, B3. and B4 Fuels 
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Figure 7.31 HC Emissions Series B Fuels 
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7.4.4 HC Emissions, Series C Fuels 
As shown in Table 7.59 the hydrocarbon emissions for fuels CI to C4 each tended to a 
minimum at an intermediate speed between 1000 rpm and 3000 rpm. The data plotted in 
Figure 7.32, confirm that there was a decrease of emissions in the order CI to C4. 
The minimum HC emission output lay between 1800 and 2000 rpm. Figure 7.32 shows 
that as compared to Average Ref, C4 had the lowest HC emission, i. e. 13.4% less HC 
than Average Ref at 3000 rpm. Cl emitted 4.0% less HC emission than Average Ref at 
3000 rpm. 
Experiment 1ý RPM CI HC PPM C2 HC PPM C3 HC PPM C4 HC PPM 
I =1 191 187 181 
2 1200 178 172 .... . .............. I. U 9 9 164 
3 1400 161 156 153 148 
3 1500 153 150 146 141 
5 1600 148 146 
- - - 
142 137 
6 1800 145 T, 4 T 137 131 
7 2W 141 139 143 135- 
8 2200 156 153 146 142 
9 2400 167 164 
- - 
157 152 
10 2500 174 1 7 2 162 158 
1 T6M- 178 174 71 
12 29W. 185 181 1 176 
L_13 3000 1 193 1 187 1 181 1 16 
Table 7.59 HC Emissions Cl. C2. Q and C4 Fuels 
241 
17 
16 
15 
0. 
r. 
14 
13 
12 
II 
RPM 
Figure 7.32 HC Emissions Series C Fuels 
7.4.5 HC Emissions, Series D Fuels 
As shown in Table 7.60 the total hydrocarbon emissions for fuels DI to D4 each tended 
towards a minimum at an intermediate speed between 1000 rpm and 3000 rpm. The data 
plotted in Figure 7.33, confirm that the magnitude of the emissions were ranked in the 
order DI to D4. 
The minimum HC output lay between 1800 and 2000 rpm. Figure 7.33 shows that 
compared to Average Ref, D4 had the lowest HC emission i. e. 14.4% less HC emission 
than Average Ref at 3000 rpm. The HC emission decreased in the order D3, D2 and DI 
respectively; DI emitted 5.4% less HC emission than Average Ref at 3000 rpm. 
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Expenment RPM DI HC PPM D2 HC PPM D3 HC PPM D4 HC PPM 
1 1000 188 185 181 178 
2 1200 176 171 167 162 
3 1400 160 155 150 145 
3 1500 1 152 147 144 139 
5 1600 147 143 140 135 
6 1800 143 140 143 129 
7 2000 140 136 133 133 
8 2200 154 149 143 140 
9 2400 166 161 154 149 
10 2500 174 170 158 156 
11 2600 177 172 168 165 
12 2800 184 179 173 1 168 
13 3000 192 184 178 1 174 
Table 7.60. HC Emissions D1. D2. D3. and D4 Fuels 
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Figure 7.33 HC Emissions Series D Fuels 
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7.4.6 HC Emissions, Series E Fuels 
Table 7.61 shows the total hydrocarbon emissions for fuels El and E4. Each tended 
towards a minimum at an intermediate speed between 1000 rpm and 3000 rpm. The data 
plotted in Figure 7.34, confirm that the emissions decreased in the order El to E4. 
For each fuel the minimum HC output lay between 1800 and 2000 rpm. (The reason for 
this is discussed in Section 7.6.4). From Figure 7.34, E4 fuel generated a lower leiel of 
HC emissions than El and a 23.3% lower level than Average Ref at 3000 rpm. Even El 
fuel generated an 18.2% lower level of HC emissions than Average Ref at 3000 rpm. 
Experiment RPM El HC PPM E4 HC PPM 
1 1000 165 157 
2 1200 154 144 
3 1 142 137 
3 
. 
1500 
... 
137 25 
5 .. 131 
6. 
- 
....... 1`807 128 119 
7 -TO-O0 125 118 
8 2200 132 113 
9- " T4 0-0 144 ' -137 
10 - 2500 153 142 
11 ' 
- 
-76M- ----T35 147 
T2-l -2-8WI - 159 1 
13 1 3000 1 166 1 15 6 
Table 7.61 HC Emissions EI and E4 Fuel 
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Figure 7.34 HC Emissions E Series Fuels 
7.4.7 HC Emissions, Series F Fuels 
Table 7.62 shows the total hydrocarbon emissions for fuels Fl and F4. Each tended 
towards a minimum at an intermediate speed between 1000 rpm and 3000 rpm. The data 
plotted in Figure 7.35, confirm that the HC emissions decreased in the order fuel FI to F4. 
The minimum level of HC output lay between 1800 and 2000 rpm. From Figure 7.35 fuel 
F4 generated a lower level of HC emissions than Fl. F4 and a 25.2% lower level than 
Average Ref at 3000 rpm. Even fuel Fl generated an 19.8% lower level of HC emissions 
than Average Ref at 3000 rpm. 
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Experiment RPM Fl HC PPM F4 HC PPM 
1 1000 164 154 
2 1200 150 142 
3 1400 142 133 
3 1500 133 124 
5 1600 125 121 
6 1800 122 117 
7 2000 118 112 
8 2200 130 115 
9 2400 142 132 
10 2500 1 149 139 
I1 2600 151 143 
12 2800 153 146 
13 3000 163 1 152 
Table 7.62 HC Emissions FI and F4 Fuels 
200 
--[I- Fl HCppm 
180 
0. ý 
160 
140 
120 
RPM C14 C11 cn cn 
Figure 7.35 HC Emissions Series F Fuels 
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7.4.8 HC Emissions, Series G Fuels 
Table 7.63 shows the total hydrocaibon emissions for fuels GI and G4. Each tended to a 
minimum at an intermediate speed between 1000 rpm and 3000 rpm. 'Me data plotted in 
Figure 7.36, confirm that the HC emissions decreased in the order fuel GI to G4 fuels. 
ne minimum level of HC output lay between 1800 and 2000 rpm. From Figure 7.36 fuel 
G4 generated a lower level of HC emissions than G1. G4 generated 13.8% lower level than 
Average Ref at 3000 rpm. Even ftiel G1 generated a 4.4 % lower level of HC emissions than 
Average Ref at 3000 rpm. 
Experiment RPM GI HC PPM G4 HC PPM 
1 1000 190 180 
2 176 165 
M 
3 -T'4-W 160 4 
3 1500 154 140 
5 -T6o-o 149 136 
6 T80-0 146 130 
7 2000 142 134 
8 
- 
-T"Tw 155 --T-4T- 
9 '-2-4-W 166 151 
10 176 157 
11 2600 179 166 
12 2800 186 170 
13 
+ 
3000 194 175 
fable 7.63 HC Emissions GI and G4 Fuel 
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Figure 7.36 HC Emissions Series G Fuels " 
7.4.9 HC Emissions, Series H Fuels 
Table 7.64 show the total hydrocarbon emissions for fuels HI and H4. Each tended to a 
minimum at an intermediate speed between 1000 rpm and 3000 rpm. The data plotted in 
Figure 7.37, confirm that the HC emissions decreased in the order fuel HI to H4. The 
minimum level of HC output lay between 1800 and 2000 rpm. From Figure 7.37 fuel H4 
generated a lower level of HC emissions than HI. H4 generated a 12.9% lower and even 
fuel HI generated a 4.9 % lower level of HC emission than Average Ref at 3000 rpm. 
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Expenment RPM HI HC PPM H4 HC PPM 
1 1000 186 177 
2 1200 177 164 
3 1400 157 144 
3 1500 1 153 140 
5 1600 146 138 
6 1800 142 131 
7 2000 139 135 
8 2200 153 141 
9 2400 164 149 
10 2500 175 155 
11 600 178 163 
12 2800 185 170 
13 3000 193 177 
fable 7.64 HC Emissions HI and H4 Fuels 
1 tu 
160 
150 
140 
130 
120 
110 
H1 HC ppm 
--0- H4 
RPM 
Figure 7.37 HC Emissions Series H Fuels 
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7.5 Smoke Emissions 
7.5.1 Smoke Emissions from Reference Fuels 
Table 7.65 lists the smoke emission output data of reference A, B, C and D fuels from the 13 
experiments performed, in speed range of 1000 rpm to 3000 rpm. From Table 7.65, and 
Figure 7.38, the average of the four references gave Average Ref Smoke. The maximum 
difference was between Ref B and C, this being less than 3.2%. All the results were in mutual 
aizreement. 
Experiment RPM Smoke No. 
BSU Ref A 
Smoke No. 
BSU Ref B 
Smoke No. 
BSU Ref C 
Smoke No. 
BSU Ref D 
Averagc Rel'Smokc 
No. BSU 
1 1000 7 7.3 7.3 7.4 7.2 
2 1200 6.4 6.5 6.4 6.5 6.5 
3 1400 5.9 6.1 6 6 6 
3 1500 5.4 5.5 5.6 5.5 5.6 
5 1600 5.3 5.8 5.7 5.4 5.5 
6 1800 5 5.3 5.4 5.5 5.3 
7 2000 4.2 4.4 4.2 4.4 4.3 
8 2200 3.3 3.5 3.4 3.3 3.8 
9 2400 2.9 3.1 3.2 3.1 3.1 
10 2500 2.4 2.7 2.7 2.8 2.4 
11 26W 2 2.1 2 1.9 2 
12 2800 1.5 1.6 1.4 1.5 1.5 
13 3000 1.1 1.2 1 0.9 1.1 
I at)le'/. b-) Smoke Number Senes A. B. U, 1) Puels and Average Re 
E 
6 
z 
0 
Smoke No. BSU Ref A 
Ref B 
Ref C 
Ref D 
C) 00C0C 
0 CD 0 RPM CD kn 0 In 0 
Figure 7.38 Smoke Emissions A, B. C and"D Fuels 
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7.5.2 Smoke Emissions, Series A Fuels 
Table 7.66 summarises series A fuels smoke emission data covering the speed range of 
1000 rpm to 3000 rpm. Figure 7.39 shows that A4 fuel produced the lowest smoke 
emission level of the A series with 41.8% less smoke emission than Average Ref at 1000 
rpm. From A4 to Al fuels the amount of smoke emissions increased, but even Al fuel 
generated 34.8% less smoke than Average Ref at 1000 rpm. rMe reasons are discussed in 
section 7.6.5]. 
F-4wriment RPM Smoke No. 
BSU Al 
Smoke No. 
BSU A2 
Smoke No. 
BSU A3 
Smoke No. 
BSU A4 
. 
1000 
..... - 
4.7 4.5 4.3 4.2 
2 I TO 0 4.4 4.2 4 3.9 
3 1400 4.1 3.9 3.7 3.6 
3 1500 3.7 3.6 3.5 --, n 
1600 
- 
---3.5 3.1 3.2 
6 TRW 2.6 2.4 2 
7 2000 2.1 1.9 1.7 1.6 
8 2200 1.4 1.3 1.2 1.1 
9 2400- 1.3 1.1 1.1 1 
10 2500- 1.2 1 0.9 0.9 
11 --2600-1 - 1.1 0.9 0.8 
12 -2800 1 0.8 
-- - 
0.7 
13 3000 0.9 T .8 0.7 
0.7 
I dUIC 1.00 aMOKe INUMDer benes A i. Az. A, ý ana A, + rum 
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IN A4 
000 
RPM 
Figure 7.39 Smoke Emissions Series A f'u'els cn 
7.5.3 Smoke Emissions, Series B Fuels 
Table 7.67 summarises series B fuels smoke emission data covering the speed range of 1000 
rpm to 3000 rpm. Figure 7.40 shows that B4 showed the lowest smoke emission level of the 
B series and produced 41.4% less smoke emission than Average Ref at 1000 rpm. From B4 
to BI fuels the amount of smoke emissions increased, but even BI fuel generated 34.8% 
less smoke than Average Ref at 1000 rpm. 
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Expffiment RPM Smoke No. BSU 
BI 
Smoke No. BSU 
B2 
Smoke No. BSU 
B3 
Smoke No. BSU 
B4 
1 1000 4.2 4.3 4.5 4.7 
2 1200 3.7 4.1 4.2 4.5 
3 1400 3.6 3.8 3.9 4.3 
3 1500 3.3 3.5 3.6 3.8 
5 1600 3.1 3.1 3.4 3.6 
6 1800 2 2.2 2.4 2.6 
7 2000 1.6 1.8 1.9 2.2 
8 2200 1.1 1.2 1.3 1.4 
9 2400 1.1 1.1 1.2 1.3 
10 'ý500 0.9 0.9 1 1.2 
11 2600 0.8 0.9 0.9 1.1 
12 2800 0.7 1 0.8 0.9 1 
13 3000 0.6 1 0.7 0.8 1 
fable 7.67 Smoke Number Senes B 1.132. ts i ang B4 vuels 
6 
5 
C,, 4 
C 
Za 
C 
U, 
0 
BI Smoke No. BSU 
B2 
--0-- B3 
B4 
RPM 
Figure 7.40 Srnoký'Ernissioný Series B Fuels 
7.5.4 Smoke Emissions, Series C Fuels 
Table 7.68 summarises C series fuels smoke emission data covering the speed range of 
1000 rpm to 3000 rpm. Figure 7.41 shows that C4 fuel showed the lowest smoke 
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emission level of the C series and produced 41.4% less smoke emission than Average Ref 
at 1000 rpm. From CI to C4 fuels the amount of smoke emissions decreased, but even CI 
fuel generated 34.8% less smoke emission than Average Ref at 1000 rpm. 
Experiment RPM Smoke No. BSU 
cl 
Smoke No. BSU 
C2 
Smoke No. BSU 
C3 
Smoke No. BSU 
C4 
1 1000 5.6 5.4 5.3 5.1 
2 1200 5.4 5.3 4.8 4.8 
3 1400 4.9 5.1 4.7 4.6 
3 1500 5 4.8 4.6 4.5 
5 1600 4.6 4.4 4.4 4 
6 1800 4.5 4 4 3.7 
7 2000 3.6 3.4 3.5 3.2 
8 2200 2.9 2.7 2.6 2.4 
9 2400 2.2 2 1.9 1.9 
10 2500 1.9 1.9 1.9 1.6 
11 2600 1.5 1.3 1.2 1.3 
12 2800 1.4 1 1.3 1 1.2 1 13 1 3000 1 1.1 1 0.9 1 1i 0.9 
Table 7.68 Smoke Number Series C I. C2. C3 and C4 Fuels 
c i 
0 
ZL) 
U 
0 
Eu 
0 
Cl Smoke No. BSU 
C2 
C3 
C4 
wl kr) 
RPM co, 
Figure 7.41 Smoke Emissions Series C Fuels 
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7.5.5 Smoke Emissions Series D Fuels 
The smoke emission data for series D fuels are summarised in Table 7.69 and plotted in 
Figure 7.42. In each case the level fell from peak values of 5.2 BSU (D4) to 7 BSU (D I) 
at 1000 rpm to 0.8 (DI) to 1.1 BSU (D4) at 3000 rpm. In order of increasing emissions 
the ranking order was D4 to DI fuels. 
There was a clear trend whereby the decrease in BSU with increasing speed was almost 
linear from 1000 rpm to 1400 rpm; it then decreased more rapidly, and almost linearly, 
upto 3000 rpm. Figure 7.42 demonstrates that D4 generated the lowest level of smoke 
emission in the D series fuels. DI fuel emitted 27.9% less smoke than Average Ref at 
1000 rpm. Smoke emissions increased from D4 to DI fuels but even D1 emitted 20.9% 
less smoke than Average Ref at 1000 rpm. 
Fjq)eriment RPM Smoke No. BSU 
DI 
'Smoke No. BSU 
D2 
Smoke No. BSU 
D3 
Smoke No. BSU 
D4 
1 1000 5.7 5.5 5.4 5.2 
2 5.5 5.3 4.9 
3 1400 5.2 5 4.9 4.7 
3 1500 5 4.8 4.5 4.4 
5- , -, IgUF 4.7 4.4 4.3- 4.1 
6 1800 4.5 4.1 37- 3.8 
- 7 
- 
2000 3.7 3.5 3.3 
8 2.9 2.8 2.7 2.5 
2.3 2.1 2 
10 2500 1.9 2 2 1.7 
I F- 2600 1.5 1.4 
- 
1.3 1.4 
12 2800 1.4 17 1 , 1.2 -1 
13 -75W 1.1 0.9 1 1 0.8 
iame /. t)y bmoKef-qumt)erbenesiji. i-). z. iiianai) ruei 
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Figure 7.42 Smoke Emissions Series D 
7.5.6 Smoke Emissions, Series E Fuels 
Table 7.70 summarises the series E fuels smoke emission data covering the speed range 
of 1000 to 3000 rpm. Figure 7.43 shows that E4 fuel produced the lowest smoke 
emission in the E series, 40.4% less than Average Ref at 1000 rpm. El fuel emitted 
33.3% less smoke emission than Average Ref at 1000 rpm. 
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Expenment RPM Smoke No. BSU 
El 
Smoke No. BSU 
E4 
1 1000 4.8 4.3 
2 1200 4.6 4 
3 1400 4.3 3.7 
3 1500 3.8 3.4 
5 1600 3.6 3.2 
6 1800 2.7 2.1 
7 )000 2.1 1.6 
8 2200 1.4 1.1 
9 2400 1.3 1.1 
10 '1500 1.2 0.9 
11 2600 1.1 0.9 
12 2800 11 0.8 
0.9 3000 0.9 1 0.7 
Table 7.70 Smoke Number Series EI and E4 Fuels 
--C]-- El Smoke No. BSU 
E4 
Z: ) 
CA 
Z UJ 
u, 
Gn Z 
RPM C' 08 
W') 0 Figure 7.43 Smoke Emissions Series E Fuels 
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7.5.7 Smoke Emissions, Series F Fuels 
Table 7.71 summarises the smoke emission series F covering the speed range of 1000 to 
3000 rpm. Figure 7.44 shows that F4 produced the lowest smoke emission in the F series 
fuels, 40.4% less than Average Ref at 1000 rpm. FI fuel emitted 32.1% less smoke 
emission than Average Ref at 1000 rpm. 
Experiment RPM Smoke No. BSU Fl Smoke No. BSU F4 
1 1000 4.9 4.3 
2 1200 4.7 3.7 
3 1400 4.5 3.7 
3 1500 4 3.3 
5 1600 3.8 3.2 
6 1800 2.7 2.1 
7 2000 2.3 1.7 
8 ')-)Oo 2 1.5 1.2 9 2) 400 1.3 1.1 
10 2500 1.2 1 
11 2600 1.1 0.8 
ý 12 ý 2800 1 0.7 
l3 3000 0.9 0.7 
I at)le'/. 71 Smoke Number Series FI and F4 Puels 
f 
C,, 4 
U 
U 
EU 
C,, 3 
0 
---D- Fl Smoke No. BSU 
F4 
RPM 
Figure 7.44 Smoke Emissions Series F'Nels 
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7.5.8 Smoke Emissions Series G Fuels 
Table 7.72 lists the series G fuels smoke emission data covering the speed range of 1000 rpm 
to 3000 rpm. Figure 7.45 shows that G4 emitted the lowest level of smoke emission in the G 
series, 26.5% less Average Ref at 1000 rpm. GI fuel generated 18.1% less smoke than 
Average Ref at 1000 rpm. 
Experiment RPM Smoke No. BSU 
GI 
Smoke No. BSU 
G4 
1 76-55 5.9 5.3 
5.6 5 
3 1400 5.2 4.8 
5.2 4.5 
1600 4.7 4 
6 4.6 3.7 
7 2000 3.7 3.4 
8- -2TW 2.9 2.4 
9 T40-0 2.4 2 
10 2500- 1.9 1.7 
11 Z-6-0-0 1.5 1.4 
12 
# 
2800 
9 
1.3 1.1 
13 1.1 1 0.8 
iame I. iz bmoKeiNuml)erbenes til anatj4VUelS 
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Gl smoke No. BSU 
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000 C) 0 C, RPM 0 0 tr) W) 
Figure 7.45 Smoke Emissions Series G Fuels 
7.5.9 Smoke Emissions Series H Fuels 
Table 7.73 lists the series H fuels smoke emission data covering the speed range of 1000 
rpm to 3000 rpm. Figure 7.73 shows that H4 fuel emitted the lowest smoke emission in the 
H series, 28.8% less smoke than Average Ref. HI fuel emitted 20.9% less than Average 
Ref at 1000 rpm. 
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Experiment RPM Smoke No. BSU 
HI 
Smoke No. BSU 
H4 
1 1000 5.7 5.2 
2 1200 5.4 4.9 
3 1400 5 4.6 
3 1500 5 4.6 
5 1600 4.7 4 
6 1800 4.5 3.7 
7 2000 3.7 3 
8 2200 3 2.5 
9 2400 2.2 2 
10 2500 1.9 1.6 
11 2600 1.4 1.3 
12 2800 1.4 1.1 
13 3000 0.9 1 0.9 
Table 7.73 Smoke Number Series HI and H4 Fuels 
HI Smoke No. BSU 
3 
U 
- 
EU 
wl W) W) 
RPM en 
Figure 7.46 Smoke Emissions Series H Fuels 
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7.6 Discussion of Results 
7.6.1 Brake Power output from Reference and Experimental Fuels 
Ue brake power output of all the fuels in series A to H demonstrated a similar trend. From 
1000 rpm to 2500 rpm the trend was for all practicable purposes a linear increase. Between 
2500 to 3000 rpm there was a linear increase in slope but with a lower gradient. The change 
in slope at 2500 to 3000 rpm is attributable to the fact that at this speed the fuel mixture had 
proportionally less combustion air, because of increased flow resistance in the intake, and 
as a result combustion was less efficient. 
The brake power outputs at 3000 rpm for the series A, B, E and F fuels, which contained 
high volatile charcoal (Charcoal A), were higher than for the equivalent formulations in the 
series C, D, G and H fuels. The reasons for this are explained in sections 7.6.6.1 . 
Comparing series A, B, E and F fuels at 3000 rpm with Average Ref, the results indicated 
lower brake power outputs as described; A1 fuel produced 9.7 % lower, and A4 fuel 6.9 % 
lower, brake power output than Average Ref. Series B, E and F fuels produced similar 
brake power outputs to series A. 
Comparing series B fuels with Average Ref at 3000 rpm. BI fuel produced 8.9 % less and 
B4 fuel 5.6% less brake power output than Average Ref. El produced 9.5% less, and E4 
fuel 6.6% less, brake power output than Average Ref. F1 fuel produced 8.4% less, and F4 
fuel 5.8% less, brake power output than Average Ref. 
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Comparison of brake power output at 3000 rpm between series C, D, G, and H fuels 
(which contained charcoal B with a low volatile content) showed that Cl fuel produced 
16.1 % less brake power than the Average Ref, and that C4 produced the lowest difference 
in brake power output in the C series, 12.7 % less brake power than Average Ref. DI fuel 
produced 20.7% less brake power than Average Ref at 3000 rpm. D4 fuel produced 12.9% 
less brake power output than Average Ref at 3000 rpm. GI produced 16.9 % and G4 fuel 
13.7% less brake power output than Average Ref at 3000 rpm. HI fuel produced 17.9% 
and H4 fuel 13.9 % less brake power output than Average Ref. 
Clearly then the use of charcoal A or B resulted in significantly different power outputs 
from the test fuels. In the test formulation series A, B, E and F fuels in which charcoal A 
was used, the brake power outputs were lower than that of the Average reference fuel, and 
varied from AI to A4 fuels. The brake power output increased as the proportion of charcoal 
content was increased i. e. from Al to A4 fuels. This is attributable to the associated 
increase in energy content of the fuel samples (i. e. 15% to 30% by mass) and also the 
decrease in water content of the samples (54% to 39% by mass). 
By comparison series C, D, G and H fuels contained charcoal B. The power output again 
increased as the charcoal content was increased from Cl to C4 fuels. However whilst Al 
produced 9.7% less, CI 16.1 % less and C4 12.7% lower brake power output than Average 
Ref, A4 fuel gave 6.9% lower brake power output at 3000 rpm. The same trend of lower 
brake power output was followed when series D, G and H fuels were compared with 
corresponding series B, E and F fuels. 
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Therefore charcoal with a high volatile content yielded a significantly higher brake power 
output than charcoal with a low volatile content as shown in Tables 7.01 to 7.33. The 
reasons for this are explained below. 
From Table 7.75 the formulations that gave the highest brake power outputs were B4 and 
F4 fuels. (134 fuel produced 5.6% less and F4 fuel 5.8% less brake power output than 
Average Ref. ) 'Me least power was obtained from DI and HI fuels, 20.7 % less and 17.9 % 
less brake power respectively than Average Ref. In Table 7.75 a clear trend was observed 
for brake power output. For all series A to H fuels, in moving from e. g. AI to A4 fuel, BI 
to B4 fuel etc. the power output increased. This was related to the fact that in all 
formulations the charcoal content was increased from eg. Al to A4 fuel, whilst the oil and 
additive content remained constant; as a consequence the water content of the samples was 
decreased. It is clear that significantly better brake power output results were obtained when 
charcoal A was used in, series A, B, E and F fuels compared with series C, D, G and H 
fuels which contained charcoal B. 
Formulations that contained oil B show a slightly improved performance over the 
corresponding formulation containing oil A. This arose because oil B had a higher (i. e. 
2.2% greater) energy content than oil A. 
Ile type of charcoal used is clearly an important factor determining the brake power output. 
Ile use of type A charcoal in series A, B, E and F fuels gave substantially better brake 
power output performance than series C, D, G and H fuels, which contained type B 
charcoal. 
The ultimate analyses of the two charcoals A and B were determined experimentally and are 
given in Table 7.74. 
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cM H (%) OM Volatiles wt (%) Fixed Carbon Wt 
Charcoal A 73.4 1.4 14.6 27.2 67.0 
cIB1 94.2_ 
1 
2.2 
_I 
3.5 
1 
9.7 
1 
89.3 
Table 7.74 Ultimate Analysis Of Charcoal A and Charcoal B 
Evidently charcoal A contains 3 times the volatile content of charcoal B. These volatiles 
bum easily at the temperatures (700 to 9000C) generated in the diesel engine. Non-volatiles, 
which usually consist of ash, silica and small quantities of metals such as aluminiurn and 
magnesium, do not. This both explains the improved brake power output with charcoal A 
and suggests that introduction of a different charcoal of a high volatile content from tree 
species such as American Redwood and Sycamore would yield further improvements. 
The only difference between series A and series B was the oil used in the formulation (i. e. 
oil A or B). The difference in brake power outputs was small, but series B gave slightly 
better brake power outputs than series A. Ilis is as expected because series B contains oil 
B(esterified soya oil) with a 2.2% higher energy content than oil A (esterified rapeseed oil) 
Ile use of either additive A or B made no difference to the brake power output with any 
combination of the test fuels. Since the additives are present only at 1% by mass and, apart 
from exhibiting detergency properties they show no other chemical interaction in the bio- 
ultracarbofluids, this result is not unexpected. 
265 
7.6.2 Carbon Dioxide Emissions 
The C02 emissions for Average Ref fuels increased with an increase in speed in the range 
1000 rpm to 3000 rpm. This increase was, for all practicable purposes, linear from Al to 
A4 fuel. It correlated with an increase in charcoal content from AI to A4 fuel and also with 
a decrease in water content, which factors would tend to promote complete combustion. 
From Tables 7.35,7.36,7.38 and 7.39 the level of carbon dioxide emissions from the 
series A, B, E and F fuels were very similar. When compared to Average Ref, AI fuel 
resulted in 16.5% less C02 emission at 3000 rpm. From Al to A4 fuel, as the charcoal 
proportion increased the C02 emission also increased and A4 fuel emitted 9.3 % lower C02 
than Average Ref at 3000 rpm. Therefore, in comparison with Average Ref, C02 emissions 
of series A, B, E and F fuels were significantly lower at 3000 rpm. 
Al gave the lowest level of C02 emissions in the A series fuels, 16.5% less than the 
Average Ref at 3000 rpm. A4 gave the maximum C02 emission in the A series fuels, 9.2 % 
less C02 than Average Ref at 3000 rpm. In the B series BI fuel gave the lowest C02 
emission, 16.5% lower than Average Ref. B4 fuel produced 8.4% less. EI fuel 17.6% less 
and E4 fuel 10 % less C02 emission than Average Ref. FI fuel emitted 16.5 % less and F4 
fuel 8.4% less C02 than Average Ref at 3000 rpm. 
From Tables 7.41,7.42,7.45 and 7.46 series C, D, G and H fuels demonstrated similar 
C02 emission trends but different output levels to series A, B, E and F fuels. When 
compared to Average Ref, CI produced 28.5 % less C02 emission at 3000 rpm. As before 
when the proportion of charcoal was increased from, eg. CI through to C4, the level of 
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C02 emission also increased and C4 fuel emitted 24% less C02 than Average Ref at 3000 
rpm. Overall, charcoal B in series C, D, G and H fuels resulted in a greater reduction in 
C02 emissions than charcoal A in the series A, B, E and F fuels. 
Table 7.75 shows that the C02 output content varied quite considerably. It was 8.4% and 
8.3% greater for F4 and B4 fuels respectively, and 29.5% and and 28.5% greater for D1 
and HI fuels respectively, compared with Average Ref C02 emission at 3000 rpm. The 
results show a relationship between C02 output and brake power output i. e. the greater the 
C02 output the greater the power output. This would be expected since the higher output of 
C02 indicates improved combustion performance; this results in a higher engine efficiency 
and hence a greater brake power output. 
CI fuel generated the lowest level of C02 emission, 28.5% less than Average Ref in the C 
series fuels at 3000 rpm C4 fuel generated the highest C02 output, but still 23.9% less than 
Average Ref fuels. DI generated 29.5 % less and D4 had 25.8 % less C02 emissions than 
Average Ref at 3000 rpm. GI emitted 28.5% less and G4 22.9% less C02 than Average 
Ref at 3000 rpm. HI fuel emitted 28.5% less and H4 24.9% less C02 than Average Ref at 
3000 rpm. 
7.6.3 Carbon Monoxide Emissions 
The CO emissions in internal combustion engines (I. C. ) are essentially controlled by the 
fuel/air equivalence ratio. Spark-ignition engines usually operate very near to stoichiometric 
ratio W-0.9 to 1.1). The CO emissions are therefore significant and must be controlled. 
Diesel engines usually operate on the fuel lean (A--0.6 to 0.9) side of stoichiometric; as a 
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result CO emissions from diesel engines are very low and present no problem as pollutants 
except when they are operated in a confmed spaceeg. a closed garage. 
The average level of CO emissions with the four reference fuels (Average Ref) was 419 
ppm at 3000 rpm. Ile Maximum CO emissions were produced by A4, B4, E4, and F4 
fuels samples, in the range 12.9% to 14.4% less than Average Ref at 3000 rpm. The CO 
output is clearly related to C02 emission, i. e. that the higher the C02 emission the lower 
the CO emission. Ile CO emission is, like C02 emission, related to the initial carbon 
content of the fuel. T'herefore as the carbon content of fuel was increased e. g. from AI to 
A4 naturally the combustion efficiency increased; hence there were increased C02 
emissions. From eg. Al to A4 fuels the CO output increased in proportion to increased 
carbon present in the test fuels. In the test series A to H fuels; Cl, Dl, GI and H1 fuels 
produced the lowest level of CO emission but this was associated with the lowest power 
output. 
In the series A, B, E and F fuels the level of CO emissions decreased as the speed increased 
from 1000 rpm to 3000 rpm. Ile levels of CO emissions from the series A, B, E and F 
fuels were very similar. In the A series Al fuel produced the least CO, 17.4% less than 
Average Ref at 3000 rpm. From Al to A4, CO emissions increased with A4 producing 
12.9% less CO than A Ref at 3000 rpm. Series B, E, and F fuels gave similar CO output 
results and trends to series A fuels, because all contained charcoal A. 
In the series C, D, G and H fuels, Cl produced a 34.6% lower level of CO emission than 
Average Ref at 3000 rpm. Tle CO emissions in the C series fuels increased from C1 to C4 
fuels. C4 gave 27-5% lower CO emission than C Ref at 3000 rpm. Series D, G and H fuels 
gave similar CO output results and trends to the C series, because all contained charcoal B. 
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7.6.4 Hydrocarbon (HC) Emissions 
Organic emissions, termed 'hydrocarbons', in the exhaust emissions result from incomplete 
combustion of the hydrocarbon fuel. The level of hydrocarbons is given by the total 
hydrocarbon concentration expressed in parts per million carbon atoms e. g. C6. because the 
standard detection instrument, a flame ionisation detector (FID), is effectively a carbon atom 
counter: e. g., one hexane molecule generates six times the response generated by a methane 
molecule. 
Ile composition of the fuel is a predominant factor in determining the types and amounts of 
hydrocarbons produced in the final exhaust. Fuels containing high proportions of aromatics 
and olefins produce significantly higher levels of reactive hydrocarbons. Many of the 
organic compounds found in the exhaust are not present in the initial fuel eg. oxygenates, 
low molecular weight carbonyls such as formaldehyde, phenols and other non- 
carbonyls126. This indicates that pyrolysis and synthesis reactions occur during the 
combustion process, and the resulting pollutants may be paticularly significant in terms of 
environmental impact both upon human exposures (e. g. carbonyls act as respiratory 
irritants) and the environment. 
Diesel fuel differs from petrol in that it contains larger molecular weight, and therefore 
higher boiling point, hydrocarbons. During the diesel combustion process substantial 
combustion takes place within the fuel sprays; as a result more complex hydrocarbons are 
formed than in the spark-ignition engine. There are two major causes of HC emissions in 
the diesel engine under normal operating conditions: (i) fuel is mixed to a concentration 
below the lean combustion limit during the delay period and (ii) undermixing of fuel which 
leaves the injector nozzle at low velocity, late in the combustion process. 
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7.6.4.1 Hydrocarbon Emissions for Reference and Experimental Fuels 
The levels of HC emissions from all series A to H fuels followed similar trends. It 
decreased in a linear manner from 1000 rpm to reach a minimum between 1800 and 2000 
rpm; it then increased as the speed was increased from 2000 to 3000 rpm. The reason was 
that engine idling and light-load operation produce significantly higher HC emissions than 
full load operations. At low speeds, eg. 1000 rpm, the combustion of fuel is not efficient 
and consequently a greater proportion of it remains uncombusted resulting in high HC 
output at low speeds. Very efficient combustion occurs at 1800 to 2000 rpm; hence the 
lowest HC levels are emitted at these speeds. From 2000 to 3000 rpm the level of HC 
emissions increased due to an increased proportion of fuel to air, which results in 
overmixing i. e. fuel/air equivalence ratio of 1.1 to 1.5 . 
The average performance of the four reference fuels (Average Ref) was compared with 
those of the experimental series fuels. All the comparisons were made at 3000 rpm. Tables 
7.57,7.5 8,7.61 and 7.62 demonstrate that the hydrocarbon emissions in the series A, B, E 
and F fuels which contained charcoal A (high volatile content) were very similar, but much 
lower than Average Ref in Table 7.56. In the A series, Al generated the highest HC 
emission (18.8% less) and A4 the lowest (24.2% less) compared with A Ref at 3000 rpm. 
Ile output and trends of series B, E and F fuels were very similar to those for A series 
fuels. 
In the B series B4 fuel generated the lowest HC emission (26.6% less) as compared to 
Average Ref; BI generated 20.8% less. In the E series El fuel 18.2% less and E4 fuel 
produced 23.3% less. F4 fuel produced 25.2% less and Fl fuel 19.8% less HC emissions 
than Average Ref at 3000 rpm. 
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Series C, D, G and H fuels demonstrated similar HC emissions output and trends, but 
lower HC emissions than Average Ref. In comparison with series A, B, E and F fuels the 
HC emissions were much higher. In the C series Cl fuel generated the highest HC 
emission 4.0% less than Average Ref at 3000 rpm, and C4 fuel the lowest (13.4% less). 
The output and trends of series D, G and H fuels were very similar to those of C series 
fuels. D4 fuel produced 14.4% less and D1 5.4% less HC emissions than Average Ref at 
3000 rpm. G4 produced 13.8% less and G1 4.4% less HC emissions than Average Ref 
H4 fuel generated 12.9% less and H1 4.9% less HC emissions than Average Ref. 
The levels of HC emissions generated by the samples in Table 7.76 were primarily 
determined by the amount and type of charcoal present in the formulation. Samples 
containing charcoal B gave significantly lower HC emissions than samples containing 
charcoal A. As the content of charcoal was increased in each sample so the HC emissions 
decreased. Ile HC emissions follow the opposite trend to C02 emissions in that the more 
efficient the combustion process, the greater the C02 emission. The greater the C02 
emission the lower the HC emission in the exhaust. The results which are consistent for all 
samples, are as would be expected since efficient combustion should result in C02 and 
water only. Hence improvements in, or changes in the type of, charcoal and its amount 
could be useful in reducing HC emissions which, as discussed 7.6.1.1 in , are considered 
particularly harmful to health. 
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7.6.5 Smoke Number 
'Me smoke emission comparisons were made at 1000 rpm since the maximum levels of 
smoke emissions were observed, at this speed. At 3000 rpm the levels of smoke emissions 
decreased by a factor of seven compared with those at 1000 rpm. 
Many types of particulates are emitted in the diesel exhaust depending upon the load and 
operating conditions. When the engine is started, particulates appear as a dense cloud of 
white fumes. These consist mainly of fuel and small amounts of lubricating oil emitted 
without combustion. Once the engine is running, black smoke is emitted due to incomplete 
combustion of the fuel particularly at maximum loads. Other particulates in the smoke 
include lubricating oil and fuel additives. According to Heywood127 the black smoke 
consists of irregularly shaped, agglomerated fine carbon particles. These carbon particulates 
can be formed from the hydrocarbon fuels in the presence or absence of oxygen. 
The average smoke number of the four reference fuels (Average Ref) was compared with 
those for the experimental series fuels. All the comparisons were made at 1000 rpm at 
which level the smoke emissions were at a maximum. For the four reference fuels the 
decrease from 1000 rpm was for all practicable purposes linear upto a speed of 3000 rpm. 
In the series A fuels the smoke emissions decreased linearly from a maximum at 1000 rpm 
to 1400 rpm and then more rapidly from 1400 rpm to 2500 rpm; from 2500 rpm there was 
then a less rapid decrease upto 3000 rpm. The levels of smoke emissions also decreased 
from Al to A4 fuels i. e. Al produced 34.8% less and A4 41.8% less smoke than Average 
Ref at 1000 rpm. 
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In series B fuels the same trend for smoke emissions was followed as for series A fuels. BI 
fuel produced the lowest level of smoke emission in the B series fuels. BI produced 34.8 
less and B4 41.4% less smoke than Average Ref at 1000 rpm. 
For the E and F series fuels the plot of smoke emission against speed follows those for 
series A and B fuels. The level of smoke emission decreased in moving from El to E4 and 
from F1 to F4 fuels. El produced 33.3% less and E4 40.4% less smoke emission than 
Average Ref at 1000 rpm. Fl produced 32.1 % less and F4 40.4 % less smoke than Average 
Ref at 1000 rpm. 
Series C and D fuels resulted in very similar Plots of smoke emissions, but they were 
distinctly different from those for series A and B fuels. The maximum smoke emission was 
at 1000 rpm, and decreased from 1000 to 3000 rpm. The level increased in moving from 
CI to C4, and from DI to D4 fuel respectively. However, the rate of change was clearly 
different from that with series A and B fuels. 
CI produced 20.9% less and C4 27.9% less smoke than Average Ref at 1000 rpm. 
Similarly, DI fuel produced 22.3 % less and D4 29.3 % less smoke emissions than Average 
Ref at 1000 rpm. 
In the series G and H the smoke output results were similar to those for series C and D 
fuels. G1 produced 18.1% less and G4 26.5% less smoke emission than Average Ref at 
1000 rpm. HI fuel produced 18.1 % less and H4 28.8 % less smoke emission than Average 
Ref at 1000 rpm. 
The smoke output data in Table 7.75 show a clear relationship with type and proportion of 
charcoal. Ile results show that when charcoal A was used smoke emissions were 
significantly reduced. The level of smoke emission also decreased as the proportion of 
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charcoal was increased. Samples containing charcoal B showed very similar trends in 
S, moke emission with the corresponding charcoal A formulation but at significantly lower 
levels, i. e. comparison of Al fuel smoke emission with CI show Al produced 31.8% less, 
whereas Cl fuel produced 20.9% less smoke emission than Average Ref under same 
conditions at 1000 rpm. 
Ile use of oil A or B in the test fonnulations resulted in only a slight difference in the level 
of smoke emission as expected, since the chemical structure of both oil A and B are very 
similar, although oil B had a 2.2% greater energy content than A. 
There was no noticeable difference in smoke emission when either of the additives was 
used in the test formulations. This would be expected, because they were only present at 
I% by mass and have no other chemical interaction apart from exhibiting their detergency 
property. 
Series A, B, E and F yielded similar results and hence, are placed together in Table 7.75. 
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Sample % difference 
brake power 
% difference 
C02 
% difference 
CO 
% difference 
HC 
% difference 
Smoke Number 
Al 1 -9.7 +16.6 +34.9 +18.8 
+34.8 
A2 -8.7 +14.7 +32.7 +20.7 +37.5 
A3 -6.9 +11.9 +29.8 +21.2 +40.3 
A4 -6.6 +9.3 +27.5 +24.2 +41.8 
B1 -8.9 +16.5 +36.4 +20.8 +34.8 
B2 -7.4 +15.6 +33.9 +21.2 +37.5 
B3 -6.1 +13.8 +30.5 +23.6 +40.3 
B4 -5.6 +8.3 +28.5 +26.6 +41.4 
El -9.5 +17.7 +34.2 +18.2 +33.3 
E4 -6.6 +10.0 +29.3 +23.3 +40.4 
F1 -8.4 +16.5 +36.9 +19.8 +32.1 
F4 -5.8 +8.4 +33.7 +25.2 +40.4 
1 
C1 -16.1 +28.5 +17.5 +4.0 +20.9 
C2 -13.2 +27.5 +15.7 +7.9 _+23.7 
C3 
. -14.2 +25.7 
+14.8 +10.8 +25.0 
C4 -12.7 +23.9 +12.9 +13.4 +27.9 
DI -20.7 +29.5 +19.5 +5.4 +22.3 
D2 -13.9 +28.4 +17.2 +9.4 +25.0 
D3 -12.9 +27.5 +16.0 +12.3 +26.4 
D4 -12.9 +25.8 +14.4 +14.4 +29.3 
G1 -16.9 +28.5 +17.9 +4.4 18.1 
G4 
. -13.7 +22.9 
+13.4 +13.8 +26.5 
H1 -17.9 +28.5 +17.9 +4.9 
1 +18.1 
H4 -13.9 
1 +24.9 
1+14.1 
+12.9 +28.8 
Table 7.75 Compari son of Test Fu Results with Average R 
Better performance than Average Ref at specified rpm. 
Worse performance than Average Ref at specified rpm. 
The comparisons were of course performed in this inital study with one engine. The correct 
comparison in future work of brake power, %CO2, %CO, %HC and smoke number 
should be compared per unit of energy generated. 
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7.6.6 Technical Assessment 
Previous work by AntoniniI28 at Compiegne University of Technology, using coal-oil- 
water slurries, involving experiments conducted on a 1.5 litre Lister-Pctter monocylinder 
diesel engine, produced brake power output data in line with the results obtained in this 
study. Earlier work carried out using coal-oil-water slurries129 also confirmed lower levels 
of exhaust pollutant emissions compared with mineral oil fuels. The results obtained from 
the use of bio-ultracarbofluid test fuels confirmed expectations of slightly lower brake 
power outputs but greatly reduced exhaust pollutant emissions as compared with diesel 
fuel. 
7.6.6.1 Charcoal Properties 
There is, in theory, no reason why bio-ultracarbofluid cannot be formulated to produce an 
equivalent brake power output to mineral diesel fuel. From the experimental results it is 
clear that the higher the volatile content and proportion of charcoal in the bio- 
ultracarbofluid, the greater the brake power output. Charcoal A had the highest volatile 
content of 27.2%. However, charcoals from certain species of trees can contain upto 40% 
volatile content eg. American Redwood. If charcoals from these were used in the 
experimental programme then higher brake power outputs would be obtained. 
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Figure 7.47 Brake Power versus % Charcoal in Bio-ultracarbofluid 
Figure 7.47 suggests that if the extrapolation to higher charcoal contents (e. g. 45%) were 
practicable, by finer grinding and the use of appropriate viscosity improvers, the power 
output of a bio-ultracarbofluid formulation could match that of diesel oil. 
The use charcoal A or B produced different power outputs and exhaust emissions results. 
Although this was expected, the magnitude of the difference in results as between charcoal 
A and B was surprising. Clearly therefore, in this test programme charcoal A present at 
30% by mass in the bio-ultracarbofluid demonstrated optimum performance. 
277 
Particle radius r (jim) 1 5 10 15 20 25 30 
Surface Area 4nr2 12.6 314.2 1256 2827 5026 7854 11309 
Volume 4/3nr3 4.2 523.6 1 4188.8 , 14137 33510 , 65449 , 11 
Ratio AN 31 0.6 
1 
0.3 
1 
0.2 
1 
0.15 
1 
0.12 
1 
0. 
Although it was known that the charcoal particle size was below 30pm the "act size 
distribution was unknown. Further knowledge of charcoal size distribution would be 
helpful but the use of fmer charcoal e. g. < 15 gm, should improve the performance of bio- 
ultrcarbofuids. For example the increase in surface area for the hetrogeneous combustion 
reaction would be approximately 4 times greater for 15pm compared with the 30pm 
particles. The Table above also shows the huge improvement in surface area to volume ratio 
if the particle size can be reduced from 30 gm. The terminal velocity of a 100pm particle is 
104 that of aI gm particle, therefore the smaller the particle size the better the dispersion and 
the uniformity of dispersion would also be better. However, grinding charcoal to below 15 
pm will present extra problems such as a potential dust explosion hazard and increased 
energy costs. The problem of dust explosion could be reduced by the addition of 1% oil to 
charcoal, prior to grinding. This agglomerates the very small size particles produced, 
reducing the risk of dust explosion. 
Some consideration can be given to charcoal particle shape. Although the charcoal particles 
used in this experimental programme were sphere shaped, it is envisaged that the use of 
charcoal flakes, will result in charcoal particles giving a larger surface area per unit mass, 
thereby producing better combustion and hence, brake power. Also the smaller settling 
velocity of flaked charcoal particles would result in a more homogenous suspension in the 
oil-water mixture. 
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A method of improving charcoal property i. e. volatile content, could be to pre-condition 
charcoal by soaking it in a 'volatile! liquid before mixing. In this way the performance of a 
low volatile content charcoal could be considerably enhanced. 
7.6.6.2 Esterified Vegetable Oil Properties 
Rape seed belongs to the Brassica seed oil family. These are made up of triacylglycerols, 
comprising a glycerol component esterified to three fatty acyl residues, the chemical nature 
of which determines the properties and end-use of the oil. The fatty acids can vary in their 
chain length and their functionality, i. e. the type of rape seed oil which is ideal for use as 
lubricants and fuel is termed the 'double low' variety, because it contains low crucicl low 
glucosinolate. Over 98% 'double low' rape seed oil is made up of only five C 16 and C 18 
fatty acids, Le. palmitic, stearic, oleic, linoleic and alpha-linolenic fatty acids. Other high 
erucict glucosinolate rapeseed oils have very long fatty acid chain lengths e. g. C20 and 
C22. According to Mithen130 methyl esters of double low variety offer a significantly 
superior combustion performance over other rape seed varieties. In the experimental 
programme the double low variety of methyl ester was used. 
Whereas rapeseed oil is liable to self-heating, leading to spontaneous combustion when 
adsorbed onto a porous media this should present no problems with the bio-ultracarbofluid 
formulations because of the presence of substantial quantities of water. The same 
consideration applies to the charcoal which remains suspended in liquid, i. e. it is not freely- 
exposed to oxidation. 
Esterified soya oil exhibits very similar properties to esterified rape seed oil. The nett energy 
output of esterified soya (methyl soyate) oil was 37.8 MJ/kg and esterified rape seed 
(methyl rape) was 37.0 MJ/kg. Methyl rape has a viscosity of 3.89 cST and methyl soyate 
has a viscosity of 5.85 cST at 40OC131. 
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The use of other esterified vegetable oils would present severe practical problems. Palm oil 
methyl ester has a superior stability and ignition properties but solidifies at very low 
temperatures. Sunflower oil demonstrates poor stability problems. Castor bean oil presents 
severe viscosity problems at ambient temperatures . 
7.6.6.3 Use of Additives in Bio-ultracarbonuids 
Despite the routine application of surfactants in slurry fuels production, little is known 
about their influence on the atomisation process and on the behaviour of slurry droplets 
upon entering the high temperature environment of the combustion chamber. Work carried 
out by Rankin132, suggests that using coal particles below 15pm together with a surfactant, 
such as ammonium naphthalene sulphonate (Diamond Shamrock), results in an improved 
combustion performance of slurry fuels. The three main conclusions of this work were; (i) 
once the coal/water slurry enters the combustion chamber, the coal/water slurry agglomerate 
remains intact after the slurry water has evaporated, (ii) the dispersant additive contributes 
to the agglomerate stability by forming a smooth shell around it and (iii) the properties of 
combustion are determined by the formation of this shell around the agglomerate. Hence, 
future research into the formation, and effect, of the shells formed around the slurry- 
charcoal agglomerate by different surfactants, could lead to the production of specific 
surfactants for use in the bio-ultracabofluids to improve combustion and therefore brake 
power output. 
The additives used in this experimental programme were low-cost, readily-available, BASF 
Emulan P and Albright & Wilson Colgan. Future research using ammonium naphthalene 
sulphonate (Diamond Shamrock) additive could improve bio-ultracarbofluid's performance. 
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It would of interest to investigate the effect of such surfactants upon phase inversion, i. e. 
producing a fuel in which water is suspended in oil. 
7.6.6.4 Viscosity Index (VI) Improvers 
Viscosity index (VI) improvers can be used to lower the viscosity of high charcoal content 
(i. e. greater than 40% by mass) bio-ultracarbofluids. There are many different types of VI 
improvers and all are used in very small quantities (i. e. 0.5%). The effects of VI improvers 
on the test parameters of the bio-ultracarbofluids are unknown and would therefore, need to 
be determined. 
7.6.6.5 Engine Modifications 
Takeuchi et al (1985)133 have shown that increasing the compression ratio of a diesel 
engine from 18: 1 to 19: 1 led to a substantial decrease in the level of hydrocarbon (HQ 
emissions. However, the other consequences of increasing compression ratio are usually an 
increase in noise and smoke level. Stone134 states that an increase of compression ratio in a 
diesel engine results in reduced fuel economy and loss of efficiency. The timing of fuel into 
the combustion chamber is maximised for mineral diesel fuel. Because of the slightly higher 
viscosity of bio-ultracarbofluids it is envisaged that introducing the fuel earlier into the 
chamber (i. e. changing the timing e. g. by 3 degrees) will result in improved combustion. 
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7.6.6.6 Pre-heating Bio-ultracarbofluids 
Pre-heating of a bio-ultracarbofluid in the fuel tank, could allow the use of a higher charcoal 
content in the test fuels. Pre-heating could therefore be an alternative method to solving the 
viscosity problem associated with the use of high charcoal content (i. e. greater than 40% by 
mass) in the bio-ultracarbofluids. This may be done by recirculating exhaust heat or by 
placing a heater in the fuel tank e. g. similar in principle to the glow plugs presently used in 
the combustion chamber of diesel engines. 
7.6.7 Assessment of the Potential of Bio-ultracarbofluids 
The technical factors, discussed in 7.6.6, show that all the major problems associated with 
the use of bio-ultracarbofluids in standard diesel engines have been overcome. 
Other factors which detennine the potential use of bio-ultracarbofluids in the EU and U. S 
are ; 
(a) Crude oil price 
(b) Pollution legislation 
(c) Financial support for crop-growing 
(d) Taxation policy on fuel 
7.6.7.1 Crude Oil Price 
For any alternative energy source to succeed commercially the price has to be competitive in 
comparison to an equivalent fuel derived from crude oil. The price of commercially-traded 
crude oil (Rotterdam Spot Price) has varied considerably over the last 30 years from a low 
of $4 per barTel in January 1973 to $37 per barrel in June 1980; the price stabilised at $17 
per barrel for the year 1995. At this price of crude oil, the incentives to use bio- 
ultracarbofluids are, on a purely commercial basis, unattractive. However, the 
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unpredictability of the oil market was again shown by the sudden rise in the price of a barrel 
of crude oil to $23 in March 1996. At $22 and above, the proposition of using bio- 
ultracarbofluids becomes a much more viable altemative. 
7.6.7.2 Pollution Legislation in the EU and U. S 
New stricter EC laws have been drafted and enforced to reduce harmful exhaust emissions 
from vehicles and industrial plants. Of particular concern have been C02 emissions 
resulting in the 'greenhouse' effect, and SOx and NOx emissions which, in combination 
with rain, produce 'acid rain'. Other reductions are required in harmful exhaust emissions 
from vehicles e. g. carbon monoxide, hydrocarbons (HC's) and smoke particulates. 
Recent concern relates to one particular pollutant from diesel engines, viz. particulate matter 
less Ulan lOgm in diameter. Characteristically the variation of the ability to inhale particulate 
matter, so that it is available for deposition in the respiratory tract is 135, 
_Particle 
diameter Em 0 10 30 60 100 
% Inhalable 100 77.4 58.3 51.4 50.1 
The variation of 'respirable' dust (i. e. that fraction able to penetrate into the lower 
respiratory tract) with size is, 
diameter pm 0 2 3 4 5 7 8 
% Inhalable 100 96.8 80.5 55.9 33.4 10.9 3.2 
Hence the importance of the fraction <10 gm. in size. 
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The PMIO particles are known to be carcinogenic but the mechanism of action in the human 
body is unknown. American evidence, from the Harvard School of Public Health136, 
suggests, that whilst its precise extent is uncertain, the broad-linking of particulate levels to 
death rate is accurate. An extrapolation of American results suggests 10,000 extra deaths 
per annum due to PM 10 emissions in the UK. These results should be treated with caution 
as many factors in Britain are different from the US. e. g. the diet, exercise level, the 
exposure to pollutants and other factors which differ between the two counties; (e. g. 
driving habits, weather conditions and different diesel fuel specifications). 
A reduction in these pollutants by the use of bio-ultracarbofluids could however be of 
Significant benefit to the environment. The evidence suggests that the use of bio- 
ultracarbofluids will be able to meet the strictest EC laws for exhaust emissions. 
7.6.7.3 Financial Support for Crop-Growing 
In the 20 years from 1971 to 1991 the production of edible fats and oils has increased from 
50.2 to 84.9 million tonnes per year world-wide. Soyabean oil remains the primary source 
with 20% of the total edible oil market; palm oil and rapeseed oil are the next most-produced 
edible Oils 137. At an increase ofjust over 3% per annum, production of vegetable oils in the 
EU has been strongly influenced by the Common Agricultural Policy of set-aside. In the 
set-aside scheme farmers are paid not to grow food crops on part of their land but to use 
this for non-food production. The US. and Canadian governments operate similar schemes 
to set-aside for their farmers. 
For any successful introduction of bio-ultracarbofluids, the set-aside scheme will be central 
to its development. 
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7.6.7.4 Taxation Policy on Fuel 
Research into renewable energy systems is being undertaken by EU states in order to find 
alternatives to fossil fuels. Biomass is only one of several options under consideration. The 
Non-Fossil Fuel Obligation (NFFO) encourages research and use of other renewable 
energies such as from; wind, hydro, solar, landfill and sewage gas. 
The excise duty payable on transport fuel has been harinonised across EU, and this includes 
bio-diesel. Table 7.74 shows a comparison of diesel, bio-ultracarbofluid and biodiesel 
production138, taxation and retail prices. 
Diesel 
pencellitre (pil) 
Biodiesel 
pil 
Bio-ultracarbofluld 
P11 
Production Rice 7.70 20.0 17.9 
Distribution 6.57 3.94 3.94 
Excise 30.70 30.70 30.70 
44.97 54.64 52.54 
VAT 0 17.5% 7.87 9.56 9.20 
52.84 64.20 61.74 
Retail margin +VAT 4.14 4.14 4.14 
Total Retail Price, 56.98 1 68.43 65.88 
Table 7.76 Comparison of Diesel. Bio-ultracarbofluid and Biodiesel Retail Prices 1995. 
From Table 7.76 the price of bio-ultracarbofluid is 3.7% lower than biodiesel per litre. 
However, biodiesel is already sold in Europe at 12.5p higher than mineral diesel fuel 
pertlitre. This difference is overcome by countries such as Germany, France and Italy by 
exempting e excise duty on biodiesel under the Scrivenor Directive. This Directive may be 
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used under European law so long as the policy objectives are sound and that it does not 
cause market distortions. The justifications are as follows. 
1) The development of sustainable (renewable) energy systems to extend the life of the 
world's fossil reserves. 
2) The reduction of atmospheric emissions due to combustion of fossil fuels. 
3) A reduction in economic dependency associated with the import of crude oil from 
politically-unstable regions. 
4) The re-deployment of land that is no longer required to satisfy the EU's food and fibre 
markets. 
5) The creation of newjobs in the production of bio-renewable ftiels. 
Another mechanism under consideration to overcome the difference is the so-called 'carbon 
t&. The carbon tax under consideration involves a 5% excise duty on all fossil fuels. 
However Carruthers 139 believes the introduction of a carbon tax will have no immediate 
relevance to the use of bio-renewables fuels due to political resistance and the long-time 
scale of implementation. 
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Chapter 8 
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CHAPTER 8 
8.0 CONCLUSIONS AND RECOMMENDATIONS 
8.1 Conclusions 
The diesel engine and associated equipment performed satisfactorily for the comparison of 
the performance of bio-ultmearbofluids with the reference fuels (Average Ref) in the 
experimental programme. The analytical methods used e. g. viscosity determination, 
ultimate analysis of charcoals, and determination of the energy content of various vegetable 
oils gave reproducible results. Some limitations arose because the exact origin and chemical 
compositions of the esterified vegetable oil used were not known. As discussed in section 
7.6.6.2 the different fatty-acid compositions fi-om which vegetable oils are made can affect 
combustion and emissions. It would have been useful to be able measure corrosion and 
coking of engine components as proposed for future work in section 8.1 . 
The results obtained with bio-ultracarbofluids show that they can be used in a diesel engine 
without it requiring modification, and produce less pollutants than Average Ref with a slight 
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loss of power depending on the formulation used. (Extensive running trials would of 
course be required before adoption in order to prove to engine manufacturers that bio- 
ultracarbofluids could be used over the life of an engine without fall-off in performance or 
excessive wear) . 
The results provide an initial basis for the specification of a bio-ultracarbofluid to give 
optimum performance. The type, and amount, of charcoal used in the bio-ultracarbofluids 
was identified as the major factor affecting torque output and the levels of emission of 
exhaust gases namely C02, CO, HC and smoke emissions. Charcoal A with a high volatile 
content produced significantly better brake power output and less exhaust pollutants than 
charcoal B. In comparison with reference diesel ftiel Average Ref the brake power output 
was 6.2% lower with all the formulations containing 30% charcoal A by mass at 3000 rpm. 
All formulations containing 30% charcoal B by mass produced 13.3% lower brake power 
output than Average Ref at 3000 rpm. 
Formulations containing either charcoal A or B resulted in reduced C02, CO, HC and 
smoke emissions compared with reference mineral diesel fuel, Average Ref. Formulations 
of bio-ultracarbofluids containing charcoal A produced significantly lower CO, HC and 
smoke emission levels than test fuels containing charcoal B. The levels of C02 emissions 
with test fuels containing charcoal A were higher than those containing charcoal B but again 
significantly lower than Average Ref as summarised in Table 7.75. 
The type of modified vegetable oil used Le. oil A (methyl rapeseed) or oil B (methyl soyate) 
were minor factors affecting the brake power output and exhaust emissions. The bio- 
ultracarbofluid formulations which contained methyl soyate oil produced higher brake 
power output than those which contained oil A (methyl rapeseed). The exhaust emissions 
output varied only slightly with the use of oil A or B. The choice of oil also had only a 
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marginal effect upon the exhaust emissions, with oil B showing slightly lower levels of 
C02, CO, HC and smoke emissions. The data are surnmarised in Table 7.75. 
The use of the two different additives had no effect whatsoever upon brake power output or 
the level of exhaust emissions from any of the bio-ultracarbofluids. This was expected since 
the additives were present at only I% by mass and, apart from their normal detergency 
properties, they will not be involved in other interactions. 
The results show that in order to obtain the highest brake power output and lowest exhaust 
emissions from the range studied the bio-ultracarbofluid must contain charcoal A at 30% by 
mass, oil B (methyl soyate oil) and eidier additive A or B. 
The economics of using bio-ultracarbofluids as compared to mineral diesel fuel are currently 
unfavourablel4O. The calculations show that the price of bio-ultracarbofluids at the retail 
level will be 12.5p per litre more than that of mineral diesel oil. However, the use of bio- 
ultracarbofluids offers many other benefits i. e. the fuel is completely bio-renewable, and the 
major exhaust pollutants are all significantly reduced. Furthermore on spillage 98 % of bio- 
ultracarbofluids degrade within 21 days, whereas only 73% of the mineral diesel degrades 
within this period. 
Clearly the study was exploratory in nature and useful areas of future work, covering 
technical investigations and economic evaluation, are suggested in section 7.8 . In such 
work the trade-off between various pollutants per unit of energy produced will require 
careful comparison. 
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8.2 Economic Evaluation 
The economic costs of producing the bio-ultracarbofluids are greater; hence there will be 
no incentive for their use unless stricter environmental and agricultural policies are 
imposed in the future. However, the possible immediate environmental benefits from their 
use are immense, and their strategic and bio-renewability advantages can more than offset 
the short term economic priorities. 
A comprehensive study of the costing of producing bio-ultracarbofluids needs to be 
carried out, although as noted in 7.6.7 various studies of bio-diesels confirm that bio- 
diesel is on average 12.5p per litre more costly than mineral diesel fuel. The cost of 
charcoal by mass is 8% cheaper than bio-diesel and as a consequence bio-ultracarbofluids 
are 3.7% cheaper than bio-diesel fuels as no extra problems are envisaged in the mixing 
stage. The study should concentrate on supplying a niche market e. g. 100,000 gallons in 
the first year, within suitable selected areas at an easy transportation distance from the 
production plant. Moreover the proper comparison should be between kJ/Iitre, or 
Idlometres/litm using a specific vehicle. The costing should include production, 
transportation, taxes and retail profits. This trial should give a clear understanding of any 
further work required. 
8.3 Future Work 
8.3.1 Future Work With The Present Equipment 
The results obtained with the selected bio-ultracarbofluid formulations used clearly show 
that their use in a standard unmodified diesel engine is perfectly feasible. The potential for 
their future use in existing diesel engines without major technical modifications is therefore 
reasonably promisin& More work needs to be done to determine their effects on engine 
components, particularly fuel lines and injectors, in the long-term. Of special interest should 
be the corrosion and coldng of the injectors in the engine. 
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components, particularly fuel lines and injectors, in the long-term. Of special interest should 
be the corrosion and coking of the injectors in the engine. 
A logical test programme would be to study corrosion over 20 weeks using the accelerated 
corrosion method developed by Sidhu14I. In this method a known amount of the test fuel 
(in this case bio-ultracarbofluid) is placed inside a flask, with the material to be tested for 
corrosion (e. g. injector nozzle) at ambient temperature. Aeration is carried out for 15 
minutes, 6 times a day using a small pump. Visual observations are carried out every 4 days 
and the material weighed every week to detennine weight loss or gain. Quantitative and 
qualitative assessments can be made of corrosion . 
In preparation for future work a continuous fuel injection system has been designed 142 to 
investigate the injection of test fuels into an empty chamber. The equipment consists of a set 
of four ordinary Bosch diesel injectors connected in line with a high power fuel pump 
modified to run on 13 volts A. C. The equipment can be assembled and disassembled easily, 
and it can be run over 20 weeks, 24 hours a day. Coking of the injectors can be measured 
over time by dismantling injectors and using an electron microscope to photograph surfaces 
at regular intervals e. g. every week. The build-up of carbon can therefore be measured both 
quantitatively and qualitatively. 
8.3.2 Future Work With Modified Equipment 
The rig should preferably be modified by automating the data output to a computer. The 
results from such parameters as engine speed, torque, C02, CO, HC and smoke emissions 
can be directly recorded on the data-base at fixed intervals. The experimental error would 
thus be kept to a minimum and a greater quantity of data recorded quickly and accurately. 
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[Tbe manual recording of data could take up-to three hours for one experiment, which is 
both repetitive and time-consuming. ] 
The tests were only performed at particular times in the week since the engine was situated 
in a pilot plant with many other test rigs. Vf all rigs were running simultaneously a high 
noise level resulted when the engine was started]. Enclosure of the engine within a 
soundproof room will provide greater flexibility in the timing of experiments. 
The measurement of particulate matter e. g. PMIO (Particulate matter less than 10 microns) 
will be very useftil in future work as there is concern that ordinary mineral diesel fuels emit 
excessive amounts, which are harmful to the public in general. Hence it would be very 
useful to compare the emissions of PMIO from bio-ultracarbofluids. A comparison of S02 
and NOx measurements would also be useful. 
8.3.3 Other Future Work 
The performance of preferred bio-ultracarbofluids formulations, selected in the light 
of the discussion in 7.6.6., will need to be evaluated in a range of diesel engines 
since compression ratio, injection timing etc. will affect performance. Extended on- 
the-road trials will also be required. 
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Nomenclature 
SYMMI JLnijS 
Air/Fuel (A/F) ratio A 
Revolutions per minute RPM 
Particulate matter less than 10 microns PM10 /j m 
European Union EU 
Millivolt output MV 
Brake power BP kW 
Torque T Nra 
Bosch smoke units BSU 
Gross heat of combustion Hg kJ/mol 
Cetane Number CN 
Higher heating value HHV kJ/kg 
Lower heating value LRV kJ/kg 
Compression ratio CR 
The heat of formation of the reactants AH' W/g mol 
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Typical Engine Test Measurements 
Road Horse Power 
Brake Power and Engine Torque 
Indicated Power 
Friction Power 
Engine Efficiency 
Mechanical Efficiency 
Thermal Efficiency 
Volurnetric Efficiency 
Fuel Consumption 
Road Horsepower 
This is the power available at the road wheels. It is less than the power available at the 
engine flywheel, since some power is lost through friction in the transmission, universal 
joints, differential and drive axles. 
Brake Power and Engine Torque 
The brake power (b. p) of an engine is the power available for work at the output shaft, and 
is measured using some form of brake e. g. a hydraulic dynamometer. 
where, L-- length of dynamometer torque arm (metres) 
W= effective load on torque arm (Newton's) 
then the torque transmitted by an engine, 
T= WxL Newton metres 
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If the engine is running at N rev/min, then, 
Engine brake power developed = 27r NW watts 
60 
I 
.= brake constant 
K 
K is a given constant for a given dynamometer. 
b. p = 27r NT watts 
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Indicated Power (I. P) 
The indicated power of the engine is the power actually developed in its cylinders. It is 
always greater than the brake power of the engine because there will always be some power 
losses between the cylinders and the output shaft. The difference between the two is the 
fHction power. 
Friction Power 
Friction Power = Indicated Power - Brake Power 
Indicated Power >Brake Power >Road Horse Power 
Engine Efficiency 
Engine efficiency is the relationship between the potential energy supplied and the amount 
of work done. Fuel contains a certain amount of potential energy, or ability to do work. 
The amount of work to be done is the movement of the vehicle along the road. During each 
step of the process of converting fuel to mechanical energy to rotate the wheels of the 
vehicle, energy is used. This usage occurs in many ways, such as mechanical, thermal, 
engine accessories, driveline friction, rolling resistance, air resistance and acceleration. 
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Mechanical Efficiency 
Mechanical efficiency losses can be calculated by dividing engine power by indicated 
power to find mechanical efficiency. The loss is the amount of potential energy used to 
overcome the fdction of the engine. 
Mechanical Efficiency %= brake pgwer -x 100 
indicated power 
The mechanical efficiency is the ratio of the useful power available at the output shaft to the 
power developed in the cylinders. An average value for a petrol engine running at normal 
speed would be 80%. For a diesel engine the average value is 84%. 
Thermal Efriciency 
Since it is the heat that creates the pressure of the power stroke, any loss of heat results in a 
decrease in power. If all of the energy in a fuel were used to produce pressure, the thermal 
efficiency of the engine would be 100 %. A motor vehicle engine cannot convert all the heat 
energy supplied to it from fuel into useful work; even in the most efficient engine, only 
one-third of the heat value of the fuel is converted into mechanical work done. Energy is 
typically lost as follows; 
35 % lost in cooling water and oil 
HEAT 35% lost in exhaust gas 
ENERGY 
of 5% lost in engine friction 
FUEL 
10% lost in power train friction 
15 % Remains to propel car 
Ile thermal efficiency gives an indication of how efficiently the fuel is being used in the 
engine. 
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Thennal efficiency is the ratio: 
Heat enerU Nuivalent to work done/secon 
Heat energy supplied from the fuel /second 
Brake thennal efficiency is based on the brake power of the engine. 
Thennal efficiency depends upon: 
1) Mixture strength 
2) Compression ratio 
3) Engine speed 
4) Throttle opening 
5) Valve timing 
6) Ignition timing 
7) Type of fuel used 
8) Engine dimensions 
9) Combustion chamber design and dimensions 
10) Inlet charge temperature 
11) Cylinder temperature 
Volumetric Efficiency (Ve) 
The Ve of an internal combustion engine is the ratio of the actual volume of charge admitted 
into the cylinder at standard temperature and pressure (S. T. P) during the suction stroke to 
the volume swept through the piston (See Figure A. 1). 
Ve is sometimes defined as the ratio of the mass of charge actually admitted into the 
cylinder to the mass of the charge which would completely fill the swept volume S. 
In an unsupercharged engine the Ve very rarely exceeds about 80%. Its actual volume 
depends upon a variety of factors among the more important of which are; 
1) Engine speed 
2) Compression ratio 
3) Inlet charge temperature 
4) Mixture strength. 
Other influencing factors are those of induction and exhaust system layout, valve area, 
valve timing, throttle opening and cylinder temperature. 
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Figure A. I Ve vs Engine Spee 
Figure A. Ishows that at low speeds the Ve is less than its maximum value. This is due 
chiefly to the valve timings being designed for a moderately high speed. Beyond its 
maximum value, it decreases more and more rapidly as the speed rises. This falling-off at 
high speeds is due mainly to increase in the frictional resistance in the inlet passages and the 
excessive heating of the incoming charge, resulting in a reduced mass of fresh charge 
entering per cycle. 
From a knowledge of air consumption the Ve of an engine can be calculated. 
Ve= Actual volume of air consumed /min x, 00% 
Tlieoretical volume of air/min 
Theoretical volume of air consumed/min, 
Total swept volume x revImi 
2 ------(no of strokes consuming air out of 4) 
Total swept volume of engine = Area of cylinder x Stroke x No. of cylinders 
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Fuel Consumption 
A knowledge of the amount of fuel consumed by a motor-vehicle engine in a given time is 
very essential when assessing the qualities of that engine. Vehicle-users assess fuel 
consumption in terms of kilometres per litre, but engine designers, compare the fuel 
consumption of different engines by the amount of fuel used over a period at fixed load. 
The latter is referred to as the specific fuel consumption, and depends upon the calorific 
value of the fuel used. 
Assuming complete combustion, the heat generated per unit mass of fuel is equal to the 
calorific value. This is typically 4300kJ/kg for petrol, 40OOkJ/kg for diesel fuel and 
50OOkJ/kg for automotive gas. 
Indicated specific or Brake specific Fuel consumed A 
fuel consumption fuel consumption Indicated power in kW 
This gives the amount of fuel required in kg or in litres to develop an indicated power or 
brake power of lkilowatt for a period of I hr at the load considered. 
Example of Calculations 
E. g. Table 7.01, experiment I at 1000 rpm 
Total Torque = Output mV x Calibration Constant 9.92 
= 3.54 x 9.92 
= 35.1 Nm 
Brake Power 
Brake power = Total T_ Qrque x Angular Velocity 
Brake Constant 
Brake power =35.1 x 1000 
9549.3 
Brake Power = 3.68 kW at 1000 r. p. m. 
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Intrx)duction 
Ile impetus for the replacement of petroleum-derived diesel fuels, whether wholly or partially, arises 
from the need to conserve a non-renewable energy resource and because of the significant pollutants 
generated by their combustion. However the use of bio-mass derived fuels may also offer strategic and 
economic advantages. 
The majority of the world's energy resources occur in nature as solids e. g. coal and various biomass and 
waste materials. Bio-fuels such as wood, charcoal and agricultural residues are a major source of energy 
in many of the developing countries providing as much as 14% of the current world energy 
requirements. This is equivalent to some 25 million barrels of oil a day, the same as OPEC's current 
production(l). World-wide there is substantial land potentially available for growing energy crops. 
The possibilities for diesel fuel replacement are; 
(i) Complete replacement by a suitable vegetable oil e. g. rape seed oil(2), soya bean oil(3), 
esterified sugar beet extract(4). Some research is also in progress into the use of elephant grass 
oil (Miscanthus)(5). 
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(ii) Partial replacement by blending diesel with vegetable oils in varying proportions upto 20% 
by weight(6). 
(iii) Partial replacement by blending with an aqueous suspension of a non-renewable fossil fuel 
e. g. coal(7). 
(iv) Complete replacement by a slurry of coal in vegetable oil. 
or 
(v) Complete replacement by a 100% bio-renewable ultracarbofluid. Ibis could comprise some 
formulation of water, charcoal and a vegetable derived oil. 
The research summarised here is concerned with the last altemative. 
Biomass-Derived Bio-ultracarbofluids 
Typically biomass derived bio-ultracarbofluids consist of charcoal 45%-54%, oil-blend 16%-29%, water 
30%-35 %, surfactant I%, plus corrosion inhibitors etc. in trace amounts. The solid constituent is of 
necessity fmely-divided and in practice needs to be ground to <30pm particles in order to minimise 
erosion in the fuel system i. e. transfer lines and injectors. Clearly low ash charcoal is preferable for 
optimum energy efficiency but also mainly to keep residue build-up in the engine to a minimum. The 
higher the proportion of charcoal in the blend the greater the gross energy output. 
Ile possible replacement of the fuel oil Eraction, typically 15 % to 30 %, by a bio-renewable vegetable 
oil is of considerable interest. Several commercially available oils have been tested as fuel components. 
Using ordinary vegetable oils as fuel usually results in problems with severe engine deposits, ring 
sticking, accumulation of deposits on injector nozzles and lubricant contamination. For this reason 
vegetable oils for use as fuel or fuel component have to be modified by trans-esterification. Rape seed 
methyl ester shows great potential for use as fuel or as a fuel component for diesel engines. 
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'Me ultimate test for any fuel is to determine how well it bums over long periods of time, and the 
impact of its use on the combustion system and auxiliary equipment. However any blend can, of course, 
be characterised by conventional property measurements i. e. viscosity, cetane number, gross heat of 
combustion, cloud point, flash point, density, particle size and ash contenL 
Cioal-water slurries have been studied extensively as fuels. Initial results confirmed that the main 
problems encountered when using coal-water slurries are, with fuel injection system operability, wear 
and poor combustion efficiency of the coal particles. 
However, improvements have been recently been reported in reduced wear of injection components, by 
the addition of lubricant(S). 
Bi("Itracarbofluids 
Initial research on ultracarbofluids utilised a 4-stroke single cylinder, indirect injection diesel engine with 
a speed range of 650-800 rpm. The optimum performance has been achieved using coal 40%, water 
30%, fuel oil 29%, additive I%. The operating variables were; 
-coal particle mean diameter: 8 PM 
-injection timing : 42 degrees BTDC 
-injection pressure: 12-5 MPa 
-intake air temperature 313 K 
-intake air pressure : 0.22MPa 
Specimen results in comparison with standard diesel fuel oil are given in Fig 1. 
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The present research utilises a 4-stroke, 2 cylinder 600cc Lister-Petter diesel engine. A Heenan Froude 
hydraulic dynamometer is connected to the engine, as are auxiliary data collection apparatus as shown 
diagrammatically in Figure 2. 
17he fuel formulations under investigation are based upon rape seed oil , peanut oil or sugar beet extract 
oil. Three different types of charcoal are under test. Also three different surfactants have been evaluated. 
In each case performance is compared with that of standard ordinary diesel. 
The data obtained are; 
engine torque 
fuel consumption 
air consumption 
exhaust temperature 
oil temperature 
coolant temperature 
speed air temperature 
Exhaust emissions are continuously monitored for levels of C02, CO and HC's levels. 
320 
(Ws) 
Fuel 
Lift 
Pump 
-r Air Flow (k&Is Laister-Petter 
600 cc 
I Exhaust co (PPM) 
Oil Pressme 2 Cylinder 
E ý HC'S WPM) 
Oil Temp. ( 0c J) es el 
gm Eo&e Coolant Supply 
a Coolant Return Temp. ( 0 
Dymmometer Heenan 
0, Dynamometer Water Outlet 
Water Supply Froude P Load CNtput (Nm) 
Inlet b Speed (rpm) 
Engine Test EVigment Layout 
COR (PPNO 
- Co (PPM) 
EHC, 
S(PPN1 
321 
Economics 
The European Community's interest in bio-fuel arises in part from the Common Agriculture Policy 
(CAP). Farming at the present represents nearly 5% of the aggregate Gross National Product of the EC 
member states and involves 9% of the workforce. Biomass crop production can contribute to this 
industrial activity and hence make a socio-economic contribution to rural development. Growing 
biomass will also avoid desertification of countryside. One tonne of crushed rape seed produces about 
320 Idlograms of oil, and charcoal is readily available commercially. Additives are more expensive but 
are used only as M It has been calculated that bio-ultracarbofluids will cost 2 lp per litre as compared 
to Up for diesel, on the assumption that the rape seed oil was grown on non-subsidised land. Hence 
Preliminary estimates suggest that, with subsidies and economies of scale, the price of bio- 
ultracarbofluid could be comparable to diesel. 
Conclusions 
Results to date suggest that bio-ultrcarbofluids can be used in diesel engines without modifications. 
However the long term effects of corrosion, erosion and particle size on fuel handling systems require 
more detailed research using ASTM and EC test standards. The long term storage of the formulated fuels 
needs to be researched to see if this has any adverse effects such as oxidation of the oil components or 
settling of charcoal. 
The EC is currently very keen to encourage the growing of energy crops since it will result in a 
reduction in the greenhouse gases, particularly C02, and reduce dependence on fuel imports. It would 
also encourage farmers to grow crops on set aside scheme. Hence there are good prospects for limited use 
of bio-ultracaftfluids. This would be greatly increased by direct or indirect state subsidies(9). 
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'Me substitution of non-renewable fossil fuels by biofuels could reduce harmful vehicle 
exhaust emissions, including greenhouse gases such as C02, and S02. Biofuels such as 
wood, charcoal and agricultural residues are already a major source of energy in many of the 
developing countries providing as much as 14% of the current world energy requirements(l). 
The potential to expand this by the replacement of diesel fuel using biomass-derived 
ultracarbofluids consisting of charcoal 45%-54%, oil blend 16%-29%, water 30%-35%, 
surfactant 1%, plus corrosion inhibitors etc. in trace amounts is discussed by reference to 
experimental data. 
Intix)ducfi 
The world's non-renewable energy resources are decreasing rapidly and may be exhausted within 
the foreseeable future. In response to this, and because of concern over the emission of harmfid 
gases from vehicle exhausts and power stations into the environment, the technologically 
advanced countries have turned their attention to renewable energy resources. As a result, there 
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have been significant advances in such areas as solar heating, cooling, wind generated power, 
ocean wave energy and biomass utilisation. 
So far the discovery of fossil fuel reserves has more than kept pace with the demand. Known 
resources now exceed 10 12 tonnes in total compared with just over half this amount 20 years 
ago(2). However alternatives will eventually be required. The current research is concerned with 
the partial or complete replacement of diesel fuel, which conventionally consists mainly of 
hydrocarbons chain length C9-C 11, by a completely renewable solid-liquid fuel slurry. 
Intrcarbofluids (SlmM Fuels 
Coal-water slurries have been studied extensively as fuels for electricity generation and for diesel 
engines. Initial results for vehicle diesel engines confirmed that the main problems encountered 
with coal-water slurries are with fuel injection system operability, erosion and poor combustion 
efficiency of the coal particles. However, improvements have recently led to reduced wear of 
injection components, by the addition of lubricant(3). 
Biomass-Derived Bio-ultracarbofluids 
Typically biomass derived ultracarbofluids consist of charcoal 45%-54%, oil-blend 16%-29%. 
water 30%-35%, surfactant 1%, plus corrosion inhibitors etc. in trace amounts. The solid 
constituent is of necessity finely-divided and in practice needs to be ground to <30pm particles 
in order to minimise erosion in the fuel system i. e. transfer lines and injectors. Clearly low ash 
charcoal is preferable for optimum energy efficiency but also mainly to keep residue build-up in 
the engine to a minimum. The higher the proportion of charcoal in the blend the greater the 
gross energy output. 
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The possible replacement of the fuel oil fraction, typically 15% to 30%, by a bio-renewable 
vegetable oil is of considerable interest. Several commercially available oils have been tested as 
fuel components. Using ordinary vegetable oils as fuel usually results in problems with severe 
engine deposits, ring sticIdng, accumulation of deposits on injector nozzles and lubricant 
contamination. For this reason vegetable oils for use as fuel or fuel component have to be 
modified by tram-esterification(4). Rape seed methyl ester shows great potential for use as fuel, 
or as a fuel component for diesel engines. 
An ideal fuel would require minimum modification to a conventional diesel engine design. 
However the ultimate test for any fuel is how well it bums over long periods of time, and the 
impact of its use on the combustion system and auxiliary equipment. However any blend can, of 
course, be characterised by conventional property measurements i. e. viscosity, cetane number, 
gross heat of combustion, cloud point, flash point, density, particle size and ash content. 
F, Vgjjmental 
The preparation of bio-ultracarbofluids requires the homogeneous dispersion of the solid 
particulate fuel and the vegetable oil into water. 'lhe procedure followed in this work was; 
1. Charcoal was ground to <30 pm by using a wet ball mill. 
2. Charcoal and water were mixed at high speeds (2500 rpm) using a propeller stiffer. 
3. Excess water was removed by decanting. 
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4. The oil blend (e. g. rape seed oil) and chemical additive mere carefully weighed-into the 
charcoal water suspension. Dispersion in the charcoal suspension was achieved using high speed 
agitation as above. 
Initial research on bio-ultracarbofluids utilised. a 4-stroke Lister Petter tvm cylinder, indirect 
injection diesel engine with speed range of 800-3500 rpm. 71be parameters under investigation 
include fuel composition i. e. 
component sample I sample 2 sample 3 sample 4 
Charcoal 35% 40 45% 50% 
oil 29% 29% Q-1 29, v 29% 
Water 35% 30% 25% 20% 
Additive 1% 1% 1% 1% 
Charcoal ground to less than 30 microns was supplied by Cabot & Co. 7be oil was rape 
methyl-ester batch no. 025813 oil modified by Chemoxy Chemicals and the additive was BASF 
Emulan P detergent. 
The optimum performance has been achieved using coal 40%, water 30%, fuel off 29%, additive 
I %. The operating variables were; 
-coal particle mean diameter : 20, um 
-injection pressure : 12.5 MPa 
-injection ti ig : 42 degrees 
-intake air temperature : 313 K 
-intake air pressure : 022MPa 
BDC (Bottom Dead Centre) 
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Results in companson with Esso diesel 2000 fuel oil are given in Fig 1. 
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The emissions from a typical vehicle diesel engine are sulphur dioxide, carbon dioxide, carbon 
monoxide, hydrocarbons, nitrogen dioxide, smoke and particulates. Vehicle emissions in this 
vmrk were measured by using Horiba Infra-red Gas Analysers. 
A qualitative comparison between various samples is given in Table I- 
222 LQ2 MC, LQ i=hlt 
Same Lower Lower Lower Lower 
2 Lower Same Lower Same Lower 
3 Lower Lower Lower Lower Lower 
4 Lower Lower Lower Lower Lower 
Table I Exhaust Emissions of UltracarK)fluids vs Conventional Diesel Fuel. 
*(Smoke levels measured on the Bosch index) 
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Conclusio 
The results to date show that ultracarbofluids can be used with little or no engine modification. 
They give comparable performance in most diesel engines. France, Germany , Italy and Austria 
have all developed ultracarbofluid technology, so that the basis exists for a transfer to bio- 
ultracarbofluids. 
7he potential environmental benefits from the use of ultracarbofluids are twofold. 7hey can 
give reductions in harmful vehicle exhaust emissions and may contribute to a reduction in the 
number of complaints of asthma and other respiratory problems in urban environments. 
Ultracarbofluids are biodegradable so that in case of accidental spillage 97 % of the fuel will be 
dispersed into non-harmful components within three weeks. 
An additional economic benefit of ultracarbofluid. use may be to preserve rural jobs, which are 
threatened by set aside land policy. Jobs will also be created in the production and distribution of 
the fuel. 
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3. Stokes B D, * Vegetable Oils in Diesel Fuels", Paper 9p 34-39,1987. University of 
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4. Gislais P, Antonini G, "Tbe Bio-UCF(Bio-ultracarbofluid): A liquid Fuel-oil Substitution in 
Boiler and Diesel Engine Application", July 1993. 
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The world's non-renewable energy resources may be exhausted within the foreseeable future. In 
response to this and because of concern over the emission of harmful gases, especially S02 and 
NOx, from vehicle exhausts and power stations into the environment the technOlOgicallY-advanced 
countries have turned their attention to renewable energy resources. As a result, there have been 
significant advances in such areas as solar heating, cooling, wind generated power, ocean wave 
energy and biomass utilisationl. 
As part of this strategy ultra-carbofluids which are typically composed of particulate charcoal, fuel 
oil, and water generally in the ratio of 5: 3: 2 by weight and a small amount of stabilising 
additive, may offer an alternative to diesel fuel in some circumstances. 7he charcoal may be 
produced by different pyrolysis techniques from various natural sources. Formulations usually 
contain charcoal at approximately 50% by weight and the particle size is usually in the range of 
<30 gm, in order to remain in suspension, giving both reduced fuel delivery problems and efficient 
fuel combustion. 
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Obviously any formulated fuel oil must meet the minimum existing fuel specification standard. 
Progress made in assessing the technical performance and economic viability of bio- 
ultracarbofluids; (Bio-ucf) has been reviewed by reference to experimental data. Many independent 
investigations 2,3 have been conducted in which slurry-fuelled engine operation was attempted. 
These studies verified that the primary obstacles to coal/charcoal slurry fuelled diesel engine 
operation was the fuel injection system operability4, engine wear, and poor combustion efficiency 
of the coal particles5. These may be overcome by using <20pm charcoal particulates. 
Ihe potential of bio-ucf appears to be as replacement for diesel fuel in medium speed engines. 
UCF can be inexpensive, safe to handle, and would utilise mainly existing infra-structure for 
transportation and storage. The present project was concerned with the evaluation of different bio- 
ucf formulae in an experimental rig consisting of a standard 600cc, 2 cylinder, 4 stroke Uster 
Petter diesel engine connected to a Froude dynamometer and various other data collection 
instruments6 in order to monitor the performance and efficiency. The main exhaust pollutants of 
the UCF were monitored viz. carbon monoxide, carbon dioxide and hydrocarbon and particulates 
were monitored using two Horiba exhaust analysers (Mexa-321E which measured CO and HC 
content and the Mexa-21 III which measured Co2 content). The infi-ared technique allowed precise, 
selective measurement of individual exhausts-gas constituents process is based on the fact that 
infixed light is strongly absorbed by certain exhaust gas constituents at a characteristic 
wavelength which differs for each constituent. Particulate emissions were characterised by a Bosch 
Smokemeter. 
The procedure developed fbr bio-ultracarbofluid preparation, as illustrated in Figure 1, consisted 
of; 
331 
(i) Charcoal produced by Lambiotte method was ground to below <30 jim. using a wet ball mill. 
[One of the best known processes for charcoal making is the Larnbiotte method (Belgium) which 
uses a vertical retort which works on a continuous basis. Wood is loaded at the top and as it 
descends tlumgh the retort it is first dried by ascending hot gases in the top section, then 
carbonised by recirculating hot gases in the middle section, and finally cooled and withdrawn at 
the bottom]. 
GO Measured amounts (by mass) of oil blend (e. g. rapeseed, or soya etc. ) and water were mixed at 
high speeds (2500 rpm) for 5 minutes. 
A chemical dispersant (e. g. BASF Emulan-P or Albright and Wilson Colgan) was added as 
required to provide a stable suspension-emulsion. 
Ov) Introduction of charcoal into the oil/water emulsion followed by high speed dispersion for 15 
minutes. 
Charcoal ground 
C; 7; -'D < 30 microns charcoal 
addition of oil blend 
water 
Fl 
I 
addition of additive 
f 
s tor 
IF X1 
Ground charcoal <30 microns 
CI 
Six different formalations of bio-ultracarbofluids were made using the above method. Each 
formulation was tested urithin 24 hours of preparation. The proportion of oil and additive was 
kept constant while the charcoal/water ratio was varied as shown in Table I. 'Me viscosity of each 
fuel was measured using a Haake viscometer. 
The test procedure was as fbHows: 
The engine was first run using reference diesel fuel (Esso 2000 diesel) on a wide open throttle 
(WGI). Ibe speed of the engine was controlled by slowly adjusting the load applied. After 15 
minutes the engine was sufficiently warmed-up and the speed was set at 1000 rpm and test data 
recorded- The sPeed of the engine was increased by 200 rpm increments and further data recorded. 
Ile speed was increased upto a maximum of 3000 rpm. The engine speed was then reduced to 
1000 rpm and the fuel supply svAtched over to bio-ultracarbofluid. The Procedure was repeated for 
all six formulations. 
Component 
Mass % 
Sample 1 
Charcoal 
I 
15 
Oil 
I 
30 
Water 
54 
Additive 
1 
2 20 30 49 1 
3 25 30 44 1 
4 30 30 39 1 
5 35 30 34 1 
6 40 30 29 1 
Table I CoMpgsition of the Test Sa=Leý 
334 
TYpical results for the reference fuel are Lzi-. vn in Table 2 and Wustrated in Figure 2. 
Stuid 
a --- 
rpm 
% C02 CO 
PP 10.000 
HCs 
PP 10.000 
Bosch Smoke 
No 
1000 83 8.61 2.01 7.5 
2 1200 8.7 7.83 1.95 6.4 
3 1400 8.9 7.22 1.78 5.9 
4 1600 9.2 6.97 1.69 5.5 
5 1800 9.4 6.45 1.68 5.1 
6 2M 9.7 6.91 1.7 4.2 
7 2200 10.0 5.86 1.79 3.3 
9 2400 10.1 5-54 1.85 3.0 
9 2600 10.3 5.16 1.92 1.9 
10 2800 10.5 4.73 2.01 1.5 
11 
. 3000 1 10.8 418 
1 
2.05 1 1.1 
Table 2 Tni R m-fts fcv Refermce Fuel 
*Bosch Smoke Number. The density of smoke of the diesel engine %%2s measured %ith the Bosch 
&mIe meter. Mic nwasuring apparitus indicated the density in a mnge of WItite 0 to Black 10 
according to reflccfioo f&-. tor from a filter paper used to collect sm fbr a standard time. 
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Figure 2 Plot of Test Results From Reference Fuel 
These results follow the expected trends. Comparable results for the sample formulation given in 
Table I are summansed in Table 3. 
Parameter HC's co C02 Viscosity Torclue Smoke 
Samplel Lower Lower Lower Higher Lower Lower 
2 LoNker LoNker Lower ffiOier Lower Lower 
3 Lower Lower Lower Fhgher Lower Lower 
4 Lower Lower Lower Hjgjier Lower Lower 
5 Lower Lower Lower Hi I Lower I Lower 
6 Lower Lower Hip-her 
I 
Higher 
I 
Lower 
Table 3 Results vAth Bio-ultracarbofluids Formulations 
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All the ultra-carbofluids prepared had a significantly higher viscosity than the reference diesel fuel 
(3.7cST). However they all produced lower emissions of all the pollutants (HC's, CO, C02 and 
smoke). The power output varied from one ultra-carbofluid to another, but was in general lower 
than for the reference fuel. e. g. 5% -6% less. 
Together with other results, not included here7, it was confirmed that ultra-carbofluids are a viable 
replacement for diesel oil. The problems to be overcome were identified as the higher viscosity 
(consequent upon suspension formation), the probable increased rate of injector and piston 
erosion, and the need for modified injector design. 
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